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ABSTRACT
For many with severe-to-profound hearing loss, a condition in which the cochlea is un-
able to convert sound vibration into neural information to the brain, the cochlear implant
has become the standard treatment. The goal of a cochlear-implant system is to bypass the
malfunctioned cochlea and directly stimulate the nerves responsible for hearing through
an array of electrodes on a silicone-elastomer carrier. However, the insertion of the elec-
trode arrays can often cause intracochlear damage and eliminate residual hearing. With
increased focus on hearing preservation in cochlear implantation, methods to minimize
intracochlear damage have become a priority in electrode-array insertions.
This dissertation explores the application of magnetic manipulation toward improved
cochlear-implant electrode-array insertions. We start with initial 3-to-1 proof-of-concept
experiments to demonstrate the feasibility of this approach. Then, to achieve relevancy
at clinical scale, lateral-wall-type electrode-array models, used in the clinic, are slightly
modified at the tip to include a tiny magnet. Next, a scala-tympani phantom is designed
with both simulated cochleostomy and round-window openings to mimic both classes of
insertions typically conducted. In particular, this is the first phantom to model a round-
window opening and can be used reliably to simulate insertion forces in cadaver cochleae.
Electrode arrays are then magnetically guided through these phantoms with a statis-
tically significant (p < 0.05) reduction in insertion forces, and by as much as 50% for
some electrode-array models. In particular, guiding the electrode-array tip through the
cochlear hook and the basal turn, in the same insertion, was demonstrated for the first
time using this technology. All existing methods to guide the electrode array can only be
accomplished for the basal turn.
Analysis is conducted to determine the optimal size and placement of a magnetic
dipole-field source for use in the clinic. Its placement is determined to be consistently lat-
eral to and anterior to the patient’s cochlea. Its size depends on numerous factors including
the patient, torque requirements, and registration error. Sensitivity curves summarizing
these factors are provided. The volume of the magnetic dipole-field source can be reduced
by a factor of 5, on average, by moving it from the modiolar configuration originally
proposed to this optimal configuration. We verify that magnetic forces do not pose any
appreciable risk to the basilar membrane at the optimal configuration. Although patient-
specific optimal configurations are characterized, a one-size-fits-all version is described
that may be more practical and carries the benefit of substantial robustness to registration
error.
iv
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Hearing impairment affects 360 million people worldwide [1] and about 35 million
people in the United States [2]. It is projected to to be the 9th leading contributor to global
disease burden by 2030 with broad socioeconomic impact that includes economic hardship
and low educational attainment [1]. Recommended interventions for hearing impairment
are determined by the results of patient audiograms. Conventional hearing aids are most
efficient for mild-to-moderate hearing loss but are ineffective for severe hearing loss in
the high-frequency range (greater than 1 kHz) [3]. For this type of hearing loss, the only
intervention is the cochlear implant.
There are approximately 219,000 recipients of cochlear implants worldwide [4], which
makes it easily the most successful neural prosthetic device to date [5]. The goal of a
cochlear-implant system is to bypass the malfunctioned cochlea and directly stimulate the
nerves responsible for hearing. Because of the tonotopic organization of the cochlea, sound
picked up by the microphone must be separated into specific frequency channels by the
speech processor. The channels are then mapped to the appropriate electrodes based on
their location inside the cochlea. Multiple electrodes are needed to reproduce the entire
sound spectrum and are arranged in a linear array on a silicone carrier and inserted into
the scala tympani chamber of the cochlea.
Despite the transformative success of cochlear implants, their utilization rate is still
remarkably low. In the United States alone, there is an estimated 1.2 million potential
candidates of cochlear implants [2]. Yet only about 71,000 individuals have received this
intervention, 40% of which are children [4] who are at an educational disadvantage with-
out such sensorineural hearing loss treatments [6, 7]. Such a low utilization rate (less
than 6%) suggests that cochlear implants are not yet the standard-of-care that perhaps
they could be. One postulated reason for this low utilization rate is the lack of specific
2clinical guidelines addressing “best practices” regarding many factors in patient outcomes
including residual hearing outcomes [2]. This seems relevant as many with hearing loss
suffer from impairment that is characterized by normal-to-mild loss in the low-frequency
region, with nearly complete deafness in the higher frequencies. The cochlear-implant
community considered the presence of residual hearing to be a contraindication because
compromised ipsilateral hearing was a typical outcome [8]. The reason is that the insertion
of the electrode array can result in permanent loss of residual hearing, particularly if the
electrode array perforates the basilar membrane and deviates into the adjacent scala [8, 9].
At the time, no suitable intervention was available for these patients. They did not benefit
much from conventional hearing aids as they are ineffective for high-frequency hearing
loss. They were also excluded from the benefits of cochlear implants because of their
residual low-frequency hearing.
In recent years, a third type of intervention has been advocated to address this specific
market. It is known as electric-acoustic stimulation, and it combines electrical stimulation
of high frequencies via a cochlear implant with acoustic stimulation of low frequencies
via a hearing aid. By combining both electric and acoustic modalities, it is vital that the
residual low-frequency hearing be preserved for effective results. This is not guaranteed
as the insertion of the electrode array can often cause intracochlear damage if the inser-
tion forces exceed the inherent strength of the tissue [5]. This has led some to advocate
the use of shorter electrode arrays that are intended to be inserted only to an angular
depth of 250◦–300◦ [5, 10]. Due to the cochlea’s tonotopic organization, this is sufficient
to convey high frequencies (via electrical stimulation) while avoiding deeper insertions
that may damage the patient’s residual low-frequency hearing [11]. Recent advances
have seen electric-acoustic stimulation confer improved hearing results over traditional
cochlear implants in such areas as pitch and speech perception, listening with background
noise, and music appreciation [12]. Moreover, this intervention has expanded the current
patient population to include those who normally cannot receive cochlear implants but
are beyond the scope of traditional hearing aids. It is also likely that the expansion of
pediatric candidacy for cochlear implants [13] will further motivate the goal of atraumatic
insertions, especially given that hearing preservation seems to occur more in children [14].
Methods to minimize trauma to preserve hearing have not just benefited those choos-
3ing electric-acoustic stimulation. Evidence suggests that patients who opt for traditional
cochler implants (i.e., electrical stimulation only) show improved outcomes when their
hearing is preserved [15–17]. There is now overwhelming interest to minimize trauma and
preserve residual hearing in cochlear implantation, whether in single or bimodal opera-
tion. Recommendations to minimize trauma to the cochlea can be broadly organized into
(1) surgical techniques, (2) cochleostomy placement, and (3) electrode-array design [18].
Recommended surgical techniques include such things as avoidance of acoustic trauma
using low-speed drills and the application of steroids to protect the organ of corti. These
topics are beyond the scope of this project.
The first multichannel electrode arrays were straight and designed to rest on the lateral
(i.e., outer) wall of the cochlea. Due to their stiffness, surgeons opted for cochleostomies for
ease of insertion as the cochlear hook provided resistance early in the insertion process [19].
That is, prior to the development of more flexible electrode arrays, cochleostomies were
in favor because stiffer multichannel electrode arrays required a straight route into the
lumen to avoid the cochlear hook region [20]. While there are still many proponents of
using cochleostomies [21], even when hearing preservation is desired [22], the primary
benefits of using the round window for electrode-array insertions is direct entry into the
scala tympani, at the outset, with minimal drilling [23]. This is guaranteed because the
scala tympani terminates at the round window. Also, evidence from clinical practice indi-
cates that using the round window for insertions produce a high percentage of complete
scala-tympani placement [24]. Electrode arrays that are placed entirely within the scala
tympani tend to produce better hearing outcomes [25].
In contrast, accurate placement of cochleostomies is mandatory to ensure the electrode
array is initially inserted into the scala tympani. Unfortunately, it has been shown that
there is a 20% probability that the cochleostomy will be sited incorrectly by practicing
surgeons leading to potential misplacement of the electrode array into either the scala
vestibuli or the vestibule from the very outset [26]. Even in cases where soft-surgery
techniques are employed, cochleostomy sites may be different than originally intended
[27]. This has renewed interest in using the round window for electrode-array inser-
tions [28–31] with the recent literature favoring round window over cochleostomies when
hearing preservation is the primary consideration [22, 32]. The electrode-array insertion is
4known to cause intracochlear damage if the insertion forces exceed the inherent strength
of the tissue [5]. The most traumatic damage occurs if the electrode array perforates the
basilar membrane and deviates into the adjacent scala. The usual site for this is along the
first turn, near 180◦, where contact with the lateral wall sometimes deflects the electrode-
array tip out-of-plane and into the basilar membrane [5, 33, 34]. This type of trauma is a
strong predictor for permanent loss of residual hearing [9].
One approach has been to improve upon the insertion characteristics of the electrode
arrays. Design of lateral-wall electrode arrays have considered parameters such as flexibil-
ity [35–37], dimensions [38–41], fabrication technique [42], and material selection [43]. In
general, lateral-wall electrode arrays are designed to be thin and flexible so as to minimize
trauma when the tip first contacts the lateral-wall of the cochlea.
Alternatively, perimodiolar electrode arrays have a preformed curvature designed to
curl away from the lateral wall of the first turn and rest on the medial (i.e., inner) wall of
the cochlea close to the modiolus. Prior to insertion, they are straightened with a stylet.
During insertion, the electrode array is advanced off the stylet so that the preformed shape
functions as a steering mechanism. Proper technique requires the stylet to be stabilized at
the appropriate distance from the cochleostomy site so that the electrode array can avoid
the lateral wall while being advanced. If done correctly, negligible insertion forces can
be achieved while eliminating tip contact with the lateral wall [44–46]. In practice, scalar
excursion is a common occurrence with these perimodiolar electrode arrays precisely at
the location where it should be curling away from the lateral wall. This can happen if the
stylet is stabilized deeper into the insertion than intended. Considerations for improving
the insertion of perimodiolar electrode arrays have included insertion techniques [44, 46],
alternatives to stylets [47], curling behavior [48], and automated robots [45, 49]. However,
an additional complication arises when using perimodiolar electrode arrays through the
round window. Recent evidence suggests that this may not be very safe [50–52]. A problem
is that the stylet, which is needed to insert these devices, increases the overall thickness
while reducing the flexibility, both of which is not suited for round-window approaches
and may make it more difficult for the electrode array to pass through the cochlear hook
[27,52]. Another finding is that early torsion of the electrode array during insertion always
resulted in basilar membrane disruption [50]. In our opinion, early torsion twists the
5electrode array so that it is no longer aligned properly to curl away from the lateral wall.
If severe enough, the preformed shape directs the tip into the basilar membrane. In short,
perimodiolar electrode arrays are designed to be used with the straight, initial trajectory
accomplished through a cochleostomy.
In the clinic, major complications arising from just the insertion of the electrode ar-
ray itself have been shown to occur in 3.8% of cochlear-implant surgeries [53]. If the
insertions are automated, it seems reasonable that these types of complications may be
reduced. Electrode arrays that are inserted manually, even by highly skilled surgeons,
can exhibit a wide variability in insertion force application [49]. This variability can be
greatly decreased using robot-assisted insertion techniques [49] where optimized path
planning [54], insertion speed [55], and other insertion parameters can be more easily
reproduced for repeatable insertions. Ideally, robotic-assisted insertions could be used
to insert the electrode arrays already used in the clinic [45, 49].
Given the general success of perimodiolar electrode arrays, the desire to navigate the
first turn of the cochlea has inspired many ideas. To make electrode arrays steerable
typically requires mechanisms that make them inherently less flexible. In our opinion,
this is undesirable. Mirzadeh et al. [56] designed a mechanism that positions the electrode
array toward the medial wall after insertion, but the use of an external positioner has
been shown to be traumatic in several temporal-bone studies [57]. Some are intended to
be actively bent or steered during insertion to minimize insertion trauma [58–61], though
only Zhang et al. [61] demonstrated insertion force reduction in their publication. This
suggests that atraumatic insertions may not be easy to achieve with current prototypes to
steer electrode arrays. The use of pneumatic actuation as suggested by Arcand et al. [58]
brings an undesirable level of complexity to the electrode-array design. Some are difficult
to reverse, once activated [56,60], meaning that explantation can be difficult. Some require
sufficient perilymph fluid to actuate [56,59], which may be problematic if sufficient fluid is
lost during surgery. These prototypes demonstrate the general challenge of developing
steerable electrode arrays without increasing their stiffness. Attempts to navigate the
electrode arrays through the cochlea typically require mechanical means that will decrease
the flexibility of the electrode array, making it more unsafe if the navigation mechanism is
not implemented correctly. This is particularly true if the electrode array is misaligned so
6that the prototype’s curvature direction is directed into the basilar membrane. This is the
same problem disussed earlier regarding misaligned stylet-based electrode arrays due to
torsion [50].
To address many of these concerns, we have developed a method to navigate a flexible,
lateral-wall electrode array by embedding a magnet in the tip of the electrode array and
guiding it through the scala tympani during insertion. Since adding a small magnet to the
electrode-array tip does not fundamentally change the remainder of the electrode array, its
stiffness is not increased, making it potentially safer than other steerable techniques. The
advantage to this approach is that we can augment the inherent safety of thinner, flexible
electrode arrays already being used clinically with the potential benefits of a steering capa-
bility. The electrode-array tip can be steered so as to avoid direct tip contact with the lateral
wall at the first cochlear turn near 180 degrees, the site where most basilar membrane
perforations occur [5,33]. In addition, the tip can also be steered to avoid direct tip contact
with the medial wall at the cochlear hook, making it ideal for round-window insertions.
To date, steerable electrode-array prototypes have only been designed to steer away from
the lateral wall at the first cochlear turn and rightly have assumed cochleostomy insertions
in approach. In our paradigm, the electrode array does not require a preformed shape or
a preferred curvature direction. It can be designed completely symmetric about its long
axis. The torque is applied ”wirelessly”, the magnitude and direction of which can be con-
trolled through the motion of the external magnet. This eliminates the risk of misaligning
the electrode array’s curling mechanism toward the basilar membrane prior to steering.
Finally, our approach can be robotically implemented as either a supervised automated
process or a robotic system under surgeon manipulation, either of which should produce
more repeatable insertions than manual insertions.
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CHAPTER 2
MAGNETIC GUIDANCE OF COCHLEAR
IMPLANTS: PROOF-OF-CONCEPT AND
INITIAL FEASIBILITY STUDY
The article in this chapter was originally published in the Journal of Medical Devices. It
is reproduced here without modification and with permission of the publisher.
Prior methods to steer an electrode array through the cochlea have either fundamen-
tally altered the shape of the electrode array or require an internal mechanism, often
wire-based, to curl the electrode array during insertion. In the following article, the curling
behavior is “wirelessly” obtained through magnetic manipulation. 3-to-1 scale proof-of-
concept experiments demonstrate the feasibility of this approach.
My contributions to this work include integration of the digital servo controller, con-
ducting experiments, the scaling analysis in Section 5, and manuscript editing.
c©2012 ASME. Reprinted, with permission, from J. R. Clark, L. Leon, F. M. Warren, and J. J.
Abbott, ”Magnetic Guidance of Cochlear Implants: Proof-of-Concept and Initial Feasibility
Study,” J. Med. Devices, 6(4), 2012, p. 035002.
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Cochlear implants have become a standard treatment for many
with severe to profound sensorineural hearing loss. However,
delicate cochlear structures can be damaged during surgical
insertion, which can lead to loss of residual hearing and
decreased implant effectiveness. We propose a magnetic guidance
concept in which a magnetically tipped cochlear implant is guided
as it is inserted into the cochlea. In a scaled in vitro experimental
study, we record insertion forces for nonguided and magnetically
guided insertion experiments and compare the results. Results
indicate that magnetic guidance reduced insertion forces by
approximately 50%. Using first principles, we discuss the effects
of scaling down our in vitro experiments, and account for realistic
clinical dimensions. We conclude that scale–down effects are neg-
ligible, but to produce the same field strength as in our experi-
ments and provide sufficient clearance between the patient and
the manipulator, the magnet dimensions should be increased by
approximately four times. [DOI: 10.1115/1.4007099]
1 Introduction
A cochlear implant (CI) is an array of electrodes embedded in
silicone that is surgically inserted into the scala tympani (ST)
chamber of the cochlea to electrically stimulate the nerves respon-
sible for hearing (Fig. 1). Cochlear implants have become a stand-
ard treatment for many with severe to profound sensorineural
hearing loss. However, the majority of CI users still have diffi-
culty understanding speech in an environment with competing
noise and difficulty distinguishing a full range of sounds. Future
CIs will need to address three widely accepted goals [1]: (1)
deeper insertion into the ST to access lower frequency cochlear
neurons, (2) better proximity to the modiolus (the central axis of
the cochlea) for greater operating efficiency, defined as a reduc-
tion in the stimulus charge required to produce a comfortable
loudness level, and (3) reduced intracochlear damage during sur-
gical insertion (Fig. 2) to preserve residual hearing and improve
implant effectiveness.
Two major factors that contribute to the extent of damage dur-
ing insertion are electrode–array design and surgical technique
[2]. Numerous electrode–array designs have been developed with
varied success [1–5], and to date, no single design has been able
to achieve all three objectives of deeper insertion, proximity to the
modiolus, and consistent atraumatic insertion [1]. Straight free–
fitting CIs designed for deeper insertions can increase the risk of
trauma and typically do not lie close to the modiolus [3,4]. Pre-
curved CIs with stylets, designed to hug the modiolus, can be
inserted with minimal insertion forces for nearly the entire proce-
dure using the advance-off-stylet technique [6–8]. However,
advancing the CI off the stylet too early can cause the implant tip
to fold-over, and late stylet removal can result in the implant con-
tacting the ST outer wall, potentially causing damage. The vari-
ability in human cochlear dimensions poses a challenge when
using stylet withdrawal techniques, since the point during inser-
tion when stylet removal should begin is patient dependent [1].
Further, insertions into the apical regions of the cochlea are not
possible with these designs because they are significantly shorter
than those designed for deep insertions.
Due to the limitations of existing CIs, several groups have
developed electrode–array prototypes to achieve a modiolar-
hugging position within the cochlea [9], with some actively bent
or steered during insertion to minimize insertion trauma [10–13],
though only Ref. [13] demonstrated insertion force reduction in
their publication. Some designs [10,12,13] use mechanical means
built into the CI to achieve bending, which can increase the stiff-
ness of the CI as it is being inserted. If the CI is not formed to fit
the ST well, or is misdirected down the channel, the increased CI
stiffness could result in increased intracochlear trauma. Some are
not reversible [9,12] or require sufficient perilymph fluid to
actuate [9,11], which may be problematic if, during surgery, rein-
sertion is necessary [2] or sufficient fluid is lost. Finally, the wide
variability in surgical force application has motivated the use of
robotic assistance [14–16] and optimized path planning [13] to
produce more repeatable insertions.
In this paper, we propose a magnetic guidance concept in which
a magnetically tipped CI is guided as it is inserted into the coch-
lea. With a rotating manipulator magnet located near the patient’s
head, we apply magnetic torque to the implant tip, causing it to
bend away from the ST walls during insertion. We conduct
proof–of–concept experiments of two proposed magnetic guid-
ance methods, using an automated experimental apparatus to
Fig. 1 Cochlear implant system with blow-up of cochlea cross-
section showing the location of several cochlear structures
(National Institutes of Health public domain image with added
labels). Labeled items are the (1) microphone and speech proc-
essor, (2) transmitter, (3) receiver, (4) electrode array inserted
into the cochlea (referred to as the “cochlear implant’’ herein),
(5) auditory nerve, (6) ear drum, and (7) ossicles.
1Corresponding author.
Manuscript received July 29, 2011; final manuscript received April 3, 2012;
published online August 10, 2012. Assoc. Editor: Foster B. Stulen.
Journal of Medical Devices SEPTEMBER 2012, Vol. 6 / 035002-1CopyrightVC 2012 by ASME
Downloaded 13 Aug 2012 to 155.98.11.180. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
13
insert a scaled magnetically tipped implant prototype into a cus-
tom 3:1 scale ST phantom [17]. We record insertion forces during
nonguided and magnetically guided insertion experiments and
compare the results. The data show that magnetic guidance can
reduce insertion forces by approximately 50%. Our method is
consistent with the current practice of using insertion force meas-
urements (which encode implant–ST contact forces) as a metric
for evaluation of insertion trauma [6–8,13–15]. Our approach is
an adaptable means of guidance that could be robotically imple-
mented as either a supervised automated process or a robotic sys-
tem under surgeon manipulation. The basic idea of magnetic
guidance for CIs has been proposed previously [18], but no tech-
nical results were presented to demonstrate how it could be
accomplished in practice.
2 Magnetic Guidance Concept
A clinical concept for magnetically guided CI insertions is
shown in Fig. 3. To achieve CI guidance, a small permanent mag-
net is located at the tip of the implant. A large manipulator magnet
located near the patient’s head is used to apply a magnetic field to
the CI tip. The manipulator magnet’s orientation is controlled by a
motor, with the magnet’s magnetization direction perpendicular to
the axis of rotation. The rotation axis is approximately aligned
with the central spiral axis of the cochlea. As the CI is inserted,
the manipulator magnet is rotated to actively bend the implant,
directing it away from cochlear walls and reducing the contact
forces between the CI and the walls of the ST. The motor is
allowed to translate along its rotation axis, varying the distance
between the manipulator magnet and the patient, effectively
changing the strength of the applied magnetic field acting on the
CI tip. The CI insertion is automated and synchronized with the
movement of the manipulator magnet in our developed control
software.
The field B (T) generated by the manipulator magnet, modeled








where l0 is the permeability of free space (l0¼ 4p 107
TmA1) and p is the location of a point in space with respect to
the magnet’s center (m). A magnet’s dipole strength Mj j is the
product of its volume (m3) and its average magnetization (A/m).
Magnetic forces and torques will act upon any magnet placed
within this nonuniform field. If we represent the permanent mag-
net embedded in the CI’s tip by the dipole m, then the force and












T ¼ m B (3)
where B is the field at the location of m, F is force (N), and T is
the torque (Nm), expressed in the same frame in which the spatial
derivatives are taken [19]. From Eq. (2) we see that the force in a
given direction is the inner product of the derivative of the field in
that direction and the magnetization of the magnet placed in the
field. This means that a force will only act on the magnet in a
given direction if both a field gradient and some component of m
exist in that direction. The applied torque is the cross product of
the magnet’s dipole with the applied field, meaning that a torque
will only act on the magnet if its dipole is not parallel to the
applied field.
Figure 4 demonstrates how our clinical configuration allows
Eqs. (1)–(3) to be simplified. Note the CI magnet is positioned
approximately on the manipulator magnet’s rotation axis and can
be rotated about the y–axis in the xz–plane to any rotation angle h
between m and the local B. The vector p points from the manipu-
lator magnet to the CI magnet. Moving the manipulator toward or
away from the patient along the manipulator’s rotation axis will
change the strength of the field applied at the CI tip, but the field
direction will not change unless the manipulator magnet is rotated.
Since CI tip rotations are largely confined to the xz–plane within
the ST channel, the torque of Eq. (3) simplifies to
Fig. 3 Concept for magnetically guided cochlear implant
surgery. Red wide arrows indicate the three controlled degrees
of freedom.
Fig. 4 Magnetic force and torque in clinical arrangement of
Fig. 3. The large magnet is the manipulator magnet, with the
coordinate frame origin at its dipole center (shown offset for
clarity). The implant tip magnet is placed along the manipula-
tor’s rotation axis making M and p orthogonal. Two directions
of the implant tip magnet with resulting forces and torques are
shown. (a) Negative z-direction (h ¼ 0 deg): force in negative
y-direction. (b) Negative x-direction (h ¼ 90 deg): negative tor-
que about y-axis.
Fig. 2 Some causes of intracochlear trauma during cochlear
implant insertions: (a) tip scraping [4], (b) tip fold-over [1], and
(c) buckling [2,4]
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Tj j ¼ mj j Bj j sinðhÞ (4)
Maximum torque occurs when the dipoles are perpendicular to
one another; when the dipoles are aligned, the torque is zero. The
general equation for the field strength in Eq. (1) and its gradient
also simplify along the axis of the motor:
Bj j ¼ l0 Mj j
4p pj j3 (5)
d Bj j
d pj j ¼ 
3l0 Mj j
4p pj j4 (6)
Furthermore, after some manipulation, the magnetic force of
Eq. (2) can be expressed in a form that more clearly shows its
behavior whenm is located along the rotation axis:









We see from Eq. (7) that no gradient exists in the x-direction
(first row), whereas gradients do exist in the y- and z-directions
(second and third rows, respectively). Since there is no x-direction
gradient, forces will not act on the magnet in the x-direction for
any m. The second row indicates that a force will only act in the
y-direction if some component of m points in the z-direction. This
force reaches a maximum magnitude when m is completely
aligned with the z-direction, as shown in Fig. 4(a). The third row
indicates that a force will only act in the z-direction if some com-
ponent of m points in the y-direction; however, since the CI tip is
confined to rotate largely in the xz-plane, the components of m
point largely in the x- and z-direction. Thus, we assume that the z-
direction force is negligible. In practice, the CI tip rotation will
not be strictly confined to the xz-plane, but the minor deviations
we expect should only result in minor forces and torques along
directions not shown in Fig. 4.
We have devised two control algorithms to synchronize the
motions of the manipulator magnet and the CI insertion (Fig. 5).
The first is the maximum-field method, which places the manipu-
lator magnet as close to the patient as is physically possible for
the duration of the insertion. By minimizing the separation dis-
tance between the manipulator magnet and the implant magnet
( pj j), the magnitude of the magnetic field is always at its maxi-
mum, Eq. (5). Since the CI tip is nearly aligned with the manipu-
lator magnet for much of the insertion due to attractive forces, the
implant can be directed through the ST by simply rotating the ma-
nipulator magnet. Unfortunately, these attractive forces direct the
CI tip toward the delicate basilar membrane (see Fig. 1 and
Fig. 4(a)). The primary benefit of this algorithm is reduced com-
plexity, as it does not require the use of a controlled linear stage
to vary the distance between the manipulator magnet and the
patient. The second algorithm is the maximum-torque method, in
which the applied field is always maintained approximately per-
pendicular to the CI tip, resulting in a pure magnetic torque with
negligible attractive forces (see Fig. 4(b)). That is, at any given
separation distance ( pj j), the maximum torque that can be applied
to the implant occurs when the magnet dipoles are orthogonal to
each other, Eq. (4). Unlike the first method, this requires variable
distance between the manipulator magnet and the patient in order
to control the amount of torque applied onto the CI tip throughout
the insertion (since increasing torque is required for deeper
insertions).
3 Experimental Methods
To validate the basic magnetic-guidance method, we constructed
an automated experimental apparatus shown in Fig. 6 consisting of
a CI prototype, a force sensor, custom mounting fixtures, an ST
phantom, linear stages, a manipulator magnet, a servo system (not
labeled), and a standard personal computer (not shown).
Fig. 5 Two guidance methods explored in experiments. (a)
Maximum-field method: the dipoles are nearly aligned. (b)
Maximum-torque method: the dipoles are nearly perpendicular.
The increasing manipulator magnet size in the maximum-
torque diagram indicates that the manipulator is advancing to-
ward the cochlea.
Fig. 6 Experimental setup. (top) The prototype (1) was
attached to a force/torque sensor (2) with custom mounting fix-
tures (3) and inserted into a phantom (4) using linear stages (5).
The manipulator (6) is attached to a brushed dc motor shaft and
mounted to a linear stage (7), which translates the manipulator
toward the phantom. The dashed line shows that the manipula-
tor rotation axis and cochlear central spiral axis are aligned.
The curved arrow above the manipulator (6) shows the manipu-
lator rotation direction. The straight arrows on (5) and (7) show
the translation direction of the linear stages. The stripe on the
front of the manipulator marks the dipole direction of the
enclosed axially magnetized magnet. (bottom-left) ATI Nano17
force/torque sensor with definition of positive force. (bottom-
right) Insertion angle based on the phantom model [17].
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We constructed a prototype CI with a small (1mm
diameter 2mm long) permanent magnet (of approximate dipole
strength 2 mAm2) embedded in its tip; the prototype is a 3:1 scale
model of a free-fitting straight CI. Our goal was not to duplicate a
scaled version of a commercial CI but to develop one that could
be used to validate our magnetic guidance concept. We also
wanted the prototype to qualitatively mimic some important prop-
erties of a real CI (such as the MED-EL practice electrode in
Fig. 7), including graded stiffness, bending properties, and the use
of silicone rubber. The process to fabricate the prototypes is
shown in Fig. 8.
We inserted the implant into a custom 3:1 scale scala-tympani
phantom filled with soap solution; the phantom’s model, described
in detail in Ref. [17], is based on published anatomical data and
can be manufactured to a desired scale.
An ATI Nano17 six–axis force/torque sensor was used to col-
lect force data during insertion experiments. Along the sensor
z-axis, the minimum resolution is 3.125mN and the maximum
measurement uncertainty is 170mN, which is the maximum
amount of error in any single measurement. However, under cer-
tain loading conditions, the sensor performs significantly better. In
the accompanying calibration report, measurement uncertainty of
1.7–3.4mN was reported for sensor loading along its z-axis exclu-
sively, which is the loading condition of our experimental setup.
Custom mounting fixtures, printed in ABSplus thermoplastic
using a Dimension 3D printer, were used to attach the force sensor
to the Thorlabs mounting posts and the implant prototype to the
front (tool side) of the sensor.
The manipulator consists of a Delrin housing attached to a
motor shaft with a 25.4–mm–diameter 25.4–mm–long NdFeB
permanent magnet placed in the housing. The cylindrical magnet
is axially magnetized with a measured dipole strength of
10.2Am2.
The rotation of the manipulator magnet was controlled using com-
mercial servo components, including a digital servo drive (Advanced
Motion Controls DigiFlex Performance DPR Series), dc power sup-
ply (GW Instek GPS-3303), and a brushed dc motor and encoder
unit (Maxon A-max 32 and HEDS 5540). The motion of the CI was
captured through the transparent phantom using a commercial cam-
era (Canon PowerShot G10). System control and data logging were
performed with a personal computer running Windows.
The experiments were conducted on a Thorlabs metric optical
table with the following arrangement. The implant prototype was
mounted to the vertically stacked stages oriented so that the proto-
type pointed downward. The 3:1 ST phantom was attached verti-
cally to the table so that the entrance of the chamber was facing
upward, with the ST chamber spiraling toward the manipulator
magnet. Adjustments were made so that the manipulator rotation
axis was approximately aligned with the central spiral axis of the
cochlea.
The sensor itself experiences forces and torques from the ma-
nipulator magnet since the sensor is made of ferromagnetic mate-
rial. Thus, to calibrate for these effects, insertion measurements
were taken while running experiments without the CI prototype
attached to the sensor. Five calibration runs were averaged and
subtracted from the insertion measurements recorded with the pro-
totype attached.
We conducted nonguided and magnetically guided experiments
on the same CI, with all other factors held constant. During the
experiments, the closest distance between the manipulator magnet
and the CI tip corresponded to a dipole-to-dipole distance of
29mm. The ideal trajectory for the prototype is one in which its
tip avoids the most contact with the ST walls during the experi-
ment. Toward this end, the position of the manipulator magnet
(both rotation and translation toward the phantom) at each 1mm
discrete translation of the prototype was experimentally predeter-
mined through visual inspection of the CI tip in relation to the ST
walls (i.e., to maintain the tip parallel to the channel). With the
maximum-field strategy, only the rotation of the manipulator mag-
net was predetermined. With the maximum-torque method, how-
ever, both parameters were predetermined with the additional
constraint that the magnet dipoles were kept orthogonal to each
other throughout the insertion. The predetermined manipulator
trajectory was preprogrammed and automated with respect to the
translation of the prototype. At each discrete 1mm interval along
this trajectory, 10ms of force data were collected and averaged,
until a total translation of 74mm was achieved.
4 Experimental Results
The measured insertion forces are shown in Fig. 9. The variance
between runs was calculated and presented as solid vertical lines
indicating the two-standard deviation interval at each depth. Inser-
tion depths are measured from the initial implant position shown
in Fig. 6. The vertical dashed lines show the approximate insertion
depths where the implant first made contact with the phantom
outer wall. Their corresponding images are shown in Fig. 9(d).
For the nonguided insertions, initial outer-wall contact (which can
be reasonably described as a direct impingement of the tip onto
the wall) occurred at 17.5mm. Using magnetic guidance, our pro-
totype avoids contact with the first cochlear turn and clearly
allows the CI to be inserted deeper into the ST phantom before it
makes initial contact. Additionally, guided insertions produce a
more distributed initial contact than nonguided insertions. For an
Fig. 7 (top) The MED-EL practice electrode shown is a
straight, free-fitting electrode array with a length of 32 mm, and
it tapers from a base diameter of 1.3 mm to a tip diameter of
0.5 mm. (bottom) Our 3:1 prototype has a length of 83 mm and a
constant diameter of 1.6 mm.
Fig. 8 Key steps for production of the wire core used in the implant prototype. (a) Wires
twisted together and wrapped around a cylindrical shaft. (b) Snip off one wire at a certain length
and wrap the remaining wires. Repeat this process until only one wire is left. This creates a
tapered stiffness, which was observed in the MED-EL device. (c) Wrap remaining wire around
tubing to create a coil that the magnet can be slid into. (d) The result of the wire wrapping prior
to placing the magnet. (e) Magnet is placed at the end of the coil and encased in silicone using
an acrylic mold.
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insertion depth between 0mm and 25mm, no method shows a
clear advantage. However, the magnitudes of the forces in this
region are so small that they are of limited interest. After 25mm,
the nonguided approach is inferior to both magnetically guided
strategies. As long as the prototype avoids contact with the ST,
insertions forces are negligible, and although the guided implant
eventually slides against the ST outer wall, the CI touches the
wall softer when using guidance, and the tip is bent away from the
wall, decreasing both frictional and tip contact forces (Fig. 10). In
general, nonguided insertions resulted in the highest force and the
maximum-torque method generally resulted in the lowest force.
This is consistent with our hypothesized outcome described in
Sec. 2: the maximum-torque method minimizes attractive forces
between the CI and the manipulator magnet, which in turn mini-
mizes lateral scraping on the ST wall. Nevertheless, any lateral
scraping caused by attractive forces in the maximum-field method
does not negate the benefits of guiding the CI tip through the
channel. This is reasonable given that an estimate of the maxi-
mum attractive force of only 10mN was computed using Eq. (7)
at the closest dipole-to-dipole distance of 29mm with the
maximum-field method. These results show that insertion forces
can be reduced by approximately 50% using magnetic guidance,
indicating that significant insertion-force reduction is possible
with our approach.
5 Discussion
Without guidance, the inherent stiffness in a free-fitting CI pro-
duces a mechanical restoring torque that presses the CI against the
outer ST wall, resulting in increased friction and insertion force.
With magnetic guidance, the torque acting on the CI tip counter-
acts this mechanical restoring torque. If the magnetic torque is
sufficient, the CI will be directed completely away from the wall.
If not, the magnetic torque will still provide some decrease in con-
tact forces, as demonstrated by the reductions shown in Fig. 9.
While the required applied torque is a function of the prototype’s
bending stiffness and its distribution, our main goal was not to
determine the required torques needed to insert clinical CIs.
Rather, this proof-of-concept study endeavored to demonstrate the
viability of insertion-force reduction with the magnetic guidance
strategies proposed. To this end, a rigorous method to measure the
prototype’s bending stiffness seemed unnecessary when a proto-
type that qualitatively matched the stiffness of a commercial CI
was sufficient.
Our straight, free-fitting prototype limits the benefit of magnetic
guidance since eventually the applied magnetic torque cannot
overcome the natural tendency of the prototype to maintain its
relaxed, straight shape. If the CI were fabricated so that its relaxed
shape approximated the ST curvature (as is done with some
current clinical CIs) then we could use our magnetic guidance
concept to uncoil these precurled CIs during insertion and con-
ceivably achieve near-zero insertion force throughout the inser-
tion. An ideal prototype would exhibit the desired bending
properties such that a magnetic torque applied at the tip results in
the most desirable uncoiled shape for insertion. This type of
design would also address the aforementioned, second widely
accepted goal [1] in that close proximity between the CI and the
modiolus reduces the power consumption required by the electro-
des and the cross–talk responsible for poor frequency resolution
due to one electrode stimulating multiple locations on the nerve.
A second way in which our prototype limits the benefit of mag-
netic guidance is that insertions into our ST phantom beyond
560 deg are precluded because our prototype’s tip diameter
(1.6mm) exceeds the local channel height (1.41mm). Unlike our
prototype, which has a constant diameter throughout, real CIs
have a tapered shape; that is, they are thicker at the base and thinner
at the tip. Tapering future prototypes to have a smaller diameter
Fig. 9 (a–c) Force measurements for all three insertion meth-
ods. The direction of Fx, Fy, and Fz are defined in Fig. 4 and
Fig. 6. Each data point represents the average of n runs, where
the collected measurement for each run is an average of 10
samples at the corresponding insertion depth. The solid verti-
cal bar with each data point shows the two-standard-deviation
interval. Vertical dashed lines mark the approximate locations
where the implant first made contact with the ST outer wall. (d)
Corresponding images showing implant positions at first
instance of outer-wall contact.
Fig. 10 The tip of the implant is directed away from the outer wall
using both the maximum-torque and maximum-field methods,
even at significant insertion depths
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(and a smaller embedded magnet) would allow deeper insertion
into the ST, and the tapered shape would help provide the neces-
sary basal stiffness to avoid buckling.
To achieve better proximity to the modiolus, a class of pre-
curved CIs have been developed that are initially straightened
with an internal stylet (i.e., a stiff metal wire) but return to their
original spiral shape after its removal. One of the more promising
CIs in this class uses an insertion technique, known as advance-
off-stylet (AOS), in which the electrodes are pushed off the stylet
at the beginning of the first cochlear turn [1]. As reported by sev-
eral groups [6–8], the AOS technique shows a notable decrease in
forces for nearly the entire insertion procedure in part because this
technique can eliminate contact between the CI and the outer wall
of the first cochlear turn [1]. This is advantageous since most
insertion trauma occurs at or near the first site of contact with the
lateral wall of the ST (i.e., the first cochlear turn), and any addi-
tional trauma past this point seems minimal, mainly since low
incidence angles between the CI and the lateral wall are no longer
likely [20]. However, the CIs designed for this insertion technique
are approximately 22mm in length, which is very short compared
to the longest free-fitting arrays currently available. As a result,
deep insertions into the apical regions of the cochlea are not possi-
ble. Using magnetic guidance, our prototype similarly avoids con-
tact with the first cochlear turn (Fig. 11), yet this concept can be
applied to longer CIs to achieve deeper insertions. Additionally,
our concept can be easily adapted to improve the advance-off-
stylet insertion technique by straightening the CI during the
critical moments when withdrawing the stylet can result in the CI
curving into the ST inner wall (see Fig. 2(b)).
In the experiments herein, we used force sensing only for analy-
sis after the insertion had been performed. Others have used force
feedback to regulate insertion speed during their experiments using
a steerable prototype electrode array [13]. It seems reasonable to
utilize force measurements and control algorithms in real-time to
minimize insertion forces adaptively throughout the insertion,
essentially allowing the CI to “feel around in the dark,” as
opposed to relying on medical imaging for guidance. This capabil-
ity would be advantageous since preoperative imaging to deter-
mine the dimensions of the patient’s cochlea is not a current
practice for CI surgery [1]. By including measured mechanical
properties of the basilar membrane into a force control strategy, a
surgeon can detect if the CI is about to rupture into adjacent coch-
lear chambers. Unexpected increases in force will be detected
before they become problematic. Corrective action can be taken
by adapting the guidance continuously or by reversing the inser-
tion for a small distance and then modifying the magnetic guid-
ance plan.
Implementing force feedback control is complicated by the fact
that the force sensor is not colocated with the implant tip. Inter-
preting tip forces, especially since the implant is flexible, may be
difficult. That is, forces on the tip (including ST contact forces
and attractive magnetic forces) may not be easily measured with a
force sensor located at the base. In the experiments of Fig. 9, the
measured forces in the direction of the basilar membrane (y-direc-
tion of Fig. 4) did not exceed 2mN even though the attractive
magnetic force (as discussed earlier) is as high as 10mN using the
maximum-field strategy. That said, neither the estimated attractive
force (10mN) nor the measured force in the direction of the basi-
lar membrane (2mN distributed along the entire implant length)
exceeded the force required to puncture the basilar membrane
(26–35mN as measured by one group [21]). Further, in our imple-
mentation, the dominant magnetic torque is used to align the
implant tip in the direction of the ST channel, which is parallel to
the ST walls (Fig. 10). Thus, the typical scenario of basilar perfo-
ration in which the electrode tip impinges on the basilar mem-
brane is avoided. Clearly, the attractive forces on the implant did
not increase the overall friction because the insertion force (Fz)
decreased with the use of magnetic guidance. This seems reasona-
ble given that the friction due to lateral scraping from the attrac-
tive forces is partially muted by the soap solution. More
importantly, the actual friction in a real insertion may only be
about 1–2mN (for the estimated 10mN of attractive forces) based
on measured friction coefficients (0.10–0.20) between clinical CIs
and the endosteum lining of the ST [22]. Some attractive force
may even be beneficial to direct the implant towards the apex of
the cochlea (Fig. 3). This topic requires further investigation.
Our magnetic guidance approach can be scaled according to
clinical demands. The magnetic field strength of any source is ho-
mothetic, meaning that the field of a permanent magnet is
unchanged as the dimensions are scaled. The field gradient, how-
ever, is not homothetic. The field of a small magnet changes faster
spatially than that of a large magnet. This can be demonstrated
through some manipulation of Eqs. (5) and (6). If we scale the
magnet’s linear dimensions by a factor s then its volume scales as
s3. Therefore, assuming identical magnetization, the dipole
strength M and the resulting field strength and gradient will also
scale as s3. Now suppose that we measure the field at a distance
s pj j from the scaled magnet so that the distance has been scaled
by the same factor as the magnet’s linear dimensions. Equations
(5) and (6) become
Bj j ¼ l0ðs
3 Mj jÞ
4pðs3 pj j3Þ ¼
l0 Mj j
4p pj j3 (8)
and
d Bj j
d pj j ¼ 
3l0ðs3 Mj jÞ







The field strength of a permanent magnet scaled by a factor s
measured a scaled distance s pj j away from the its center is the same
as the field strength measured a distance pj j away from the original
magnet. This is the homothetic property of the field. The field gradi-
ent, however, is 1/s times that of the originally measured gradient.
Our experimental setup and results used a scaled 3:1 implant
prototype and ST phantom. The effects of scaling down to 1:1 can
be initially assessed by modeling the implant as a cantilever beam
with a pure torque at its tip, resulting in the following expression




where T is the torque applied at the implant tip, L and E are the
length and Young’s modulus of the implant, respectively, and I is
the moment of inertia of the cross-sectional area, which, if
approximated as a circle of diameter d, isFig. 11 Images of implant through the first turn
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Scaling down the implant by a factor s will reduce the implant’s
length and diameter by the same factor s. To accommodate the
smaller geometric constraints of the scaled-down implant, a
smaller implant magnet will be required. If this is represented as
a reduction in its linear dimension by the same factor s, then
the volumetric reduction (s3) of the implant magnet reduces the
applied torque at the tip by s3. The result of scaling down the







Scaling of the phantom does not affect the tip deflection angles
required to navigate through it. Therefore, scaling our experiments
down to 1:1 (i.e., reducing the implant, its magnet, and the phan-
tom) likely will not have major effects on the results.
Having demonstrated scaling effects of the magnetic field and
the implant, we can now discuss the approximate scale of a clini-
cal arrangement. As indicated earlier, the nearest dipole-to-dipole
distance in these experiments is about 30mm. Increasing the
dipole-to-dipole distance to 120mm will require a 102–mm–
diameter 102–mm–long manipulator magnet to produce the
same field strength as in our experiments. Since the distance from
the apex of the cochlea to the edge of the head along the
axis of the cochlea is approximately 60mm, a 10mm clearance
between the edge of the head and the edge of the
manipulator magnet can be achieved in a clinical setting with
a 102–mm–diameter 102–mm–long manipulator magnet. It
should be noted that the manipulator magnet size can be reduced
by increasing the grade of NdFeB magnet used, and the strength
of the required field can be reduced by modifying certain implant
design factors such as increased implant flexibility.
The effect of strong magnetic fields on implanted medical devi-
ces has been a longstanding concern ever since magnetic reso-
nance (MR) scanners became a common diagnostic tool for
clinicians. Numerous studies have scrutinized cochlear implants
in the strong magnetic fields (1.5 T) of an MR scanner [24–26]. It
is now generally accepted that heating and electrical stimulation
in the electrodes of a cochlear implant electrode array due to eddy
currents induced by changing magnetic fields in an MR scanner
are largely negligible and well within healthy thresholds [26]. It
also seems reasonable to expect that the electrode array does not
shift during an MR scan since concerns over potential device dis-
placement is typically associated with the internal receiver magnet
[26] (see Fig. 1). Since the magnetic field in an MR scanner is sig-
nificantly stronger than any field produced in our concept, it seems
reasonable then to expect that any effect from the magnetic field
(either from the manipulator or the implant magnet) on the actual
electrodes in the cochlear implant electrode array is negligible.
Progress toward clinical feasibility will require several issues to
be addressed. The obvious concerns regarding MR scanner safety
can be addressed by a CI prototype design with a removable mag-
netic tip. Alignment of the manipulator rotation axis with the cen-
tral axis of the cochlea may be difficult in practice and warrants
some study on the effects of misalignment. Further, the implant
magnet is never truly situated on the manipulator’s axis of rotation
(as shown in Fig. 4) since the implant magnet is always off-axis
while tracing out the cochlear spiral. These off-axis effects war-
rant further study. In the conventional otologic position (Fig. 3),
the initial insertion angle is not oriented as shown in our experi-
ments. Improved in vitro studies should orient the phantom to
mimic the initial insertion angle and account for initial gravity
effects on a flexible implant. Our experimental setup and results
used a scaled 3:1 implant prototype and ST phantom. Eventually,
these experiments must be performed at 1:1 scale, requiring a 1:1
scale implant and a 1:1 scale ST phantom with both cochleostomy
and round-window openings and oriented to mimic the conven-
tional otologic position. Deviations into other scalar chambers
could not be assessed with our experiment since trajectories were
preplanned through a phantom consisting of only the ST path.
In vitro studies with ST phantoms and cadaver temporal bones
directly comparing our prototype and insertion method against
commercial CIs using standard techniques are required for proper
evaluation.
6 Conclusion
We have presented a proof-of-concept study that demonstrates
the efficacy of implementing magnetic guidance as a clinical strat-
egy toward improved cochlear implant surgery. By applying mag-
netic torque to the tip of a cochlear-implant prototype during
insertions, we reduced the insertions forces by approximately
50%. Such reductions will likely reduce insertion trauma by a pro-
portional amount and may enable deeper insertion into the cochlea
for improved performance.
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CHAPTER 3
SCALA-TYMPANI PHANTOM WITH COCHLEOSTOMY
AND ROUND-WINDOW OPENINGS FOR
COCHLEAR-IMPLANT INSERTION
EXPERIMENTS
The article in this chapter was originally published in the Journal of Medical Devices. It
is reproduced here without modification and with permission of the publisher.
The article summarizes the design of a scala-tympani phantom that can be used to
accurately simulate electrode-array insertions at clinical scale. In particular, it is the first
phantom to model a round-window opening and can be used reliably to simulate insertion
forces in cadaver cochleae.
c©2014 ASME. Reprinted, with permission, from L. Leon, M. S. Cavilla, M. B. Doran, F.
M. Warren, and J. J. Abbott, ”Scala-Tympani Phantom With Cochleostomy and Round-
Window Openings for Cochlear-Implant Insertion Experiments,” J. Med. Devices, 8(4),
2014, p. 041010.
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Experiments with scala-tympani (ST) phantoms are used to evaluate new electrode arrays
and cochlear-implant insertion techniques. To date, phantoms have not accounted for
clinical orientations and geometric differences between round-window (RW) insertions
and anteroinferior cochleostomy insertions. For improved assessments of insertion
experiments, we present a scala-tympani phantom that offers three distinct benefits over
previous phantoms: it mimics the standard otologic position, it accommodates for both
round-window and anteroinferior cochleostomy insertions, and it incorporates a visual
coordinate system based on industry consensus making standardized angular measure-
ments possible. [DOI: 10.1115/1.4027617]
1 Introduction
A cochlear implant (CI) is an array of electrodes that is surgi-
cally inserted into the ST chamber of the cochlea to partially
restore hearing. Ongoing interest in atraumatic CI insertions has
prompted numerous electrode-array designs and insertion techni-
ques. A common method for evaluating the effectiveness of these
novel designs and strategies is through insertion force experiments
in an ST phantom, especially in the early stages of development,
where the added cost and complexity of using temporal bones or
in vivo experiments are not yet warranted.
Although many phantoms with varying levels of fidelity have
been used [1–8], to date, there has not been one designed specifi-
cally to model the realistic surgical constraints present in clinical
practice imposed upon CI insertions. Typical phantom openings
do not model the geometries of the RW or an anteroinferior coch-
leostomy, which are the openings used in actual insertions. Orient-
ing typical phantoms so that insertion experiments duplicate
clinically realistic angles (Fig. 1) require data on the cochlea’s
orientation which, until now, has not been synthesized into one
convenient source. Although Advanced Bionics (Valencia, CA)
provides a base that will orient their cochlea phantom appropri-
ately, they make no claims regarding its accuracy. Current phan-
toms have also not addressed recent industry consensus for a
standardized coordinate system in response to the challenges of
interpreting results from various investigators [9]. We address
these concerns with an ST phantom designed for improved
cochlear-implant insertion experiments.
2 Standard Otologic Position
CI surgery is performed in the conventional otologic position,
with the patient’s back flat on the operating table, and the head
turned toward the side by approximately 65 deg. This orients the
skull such that the angle between the operating table and the
skull’s midsagittal plane is approximately 25 deg (Fig. 1). If nec-
essary, the table is further adjusted to provide an optimal view
into the cochlea to perform the surgery.
The primary difficulty in orienting a phantom to mimic this
standard position is that the orientation of the cochlea within the
skull or with respect to specific landmarks on the body is not read-
ily available. One group [10–12] interested in using standard radi-
ographic techniques to determine the postoperative position of a
CI’s electrode bands inside the cochlea determined the required
skull orientation relative to a central X-ray beam (Fig. 2) neces-
sary to produce an optimized 2D radiograph of the cochlea
(Fig. 3) in which the plane of the basal cochlear turn (and the elec-
trode array) is essentially parallel to the film plane. This method,
known as the cochlear view (CV), requires the X-ray beam to be
parallel to the modiolar axis (the central spiral axis of the cochlea)
and orthogonal to the basal turn. This has become the standard 2D
radiologic view of the cochlea [13], with some regarding it as the
optimal 2D view of the cochlea [9]. Their work effectively defined
the spatial orientation of the cochlea inside the skull, which we
adopt to orient the ST phantom with respect to a tabletop.
The three angles with respect to anatomic landmarks required
to orient the cochlea are shown in Figs. 2 and 3 and summarized
in Table 1. The first two angles (h1 and h2) orient the cochlear
axis relative to the skull’s midsagittal plane and infraorbitomeatal
plane, respectively. The third angle (h3) locates the RW in the
plane through the basal turn. Unlike the first two angles, which
are given relative to anatomic landmarks, the third angle can be
difficult to visualize since it is given with respect to an abstract
reference (0 deg reference in Fig. 3).
To understand this abstract reference with respect to an anatom-
ical landmark, we examine Fig. 4, which shows a detailed version
of Fig. 2(a). The modiolar axis, the plane of the superior-
semicircular canal (SSC), and the X-ray are nearly parallel, mak-
ing the film plane nearly orthogonal to all three. Since the X-ray is
1Corresponding author.
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parallel to the plane of the SSC, the SSC appears as a single struc-
ture [10]. Otherwise, it would appear as an elliptical loop similar
to the view of the lateral-semicircular canal in Fig. 3. The line cv2
in Fig. 3 drawn from the apex of the SSC through the center of the
vestibule will lie in both the planes of the SSC and the film plane.
The line cv1 is drawn in the film plane orthogonal to cv2, and by
extension, must be orthogonal to the plane of the SSC.
The vertex view of Fig. 4 implies that the line-of-sight and the
SSC plane are orthogonal to any transverse plane of the body
(Fig. 5). Since h1 is neither 0 deg nor 90 deg, the SSC plane is
never orthogonal to the coronal or sagittal planes. Therefore, cv1
must lie on a transverse plane. This is convenient given that the
infraorbitomeatal plane (sometimes referred to as the skull’s hori-
zontal plane [12]) can also be reasonably assumed to be parallel
with any transverse plane. h3 can then be regarded as the angle
between the infraorbitomeatal plane and the RW in the plane of
the film (i.e., the plane of the basal cochlear turn), providing the
anatomic landmark by which to interpret h3.
Since we are interested in orienting a phantom relative to a tab-
letop as in Fig. 1, the cochlear orientation relative to anatomic
landmarks must be converted into angles relative to the operating
table. The solution is as simple as implementing a series of coor-
dinate frame rotations (Fig. 5). First, we assume the patient’s back
lies flat on an operating table whose surface is parallel with all
coronal planes and orthogonal to all sagittal and transverse planes.
Next, we define a cochlear Cartesian frame consisting of three or-
thogonal vectors that are initially aligned with the superior, lat-
eral, and anterior vectors. The orientation of the modiolar axis is
identical to the orientation of the anterior axis after the cochlear
frame has been initially rotated by h1 about the superior axis
(Fig. 5(a)) followed by a rotation of þh2 about the new lateral
axis (Fig. 5(b)). The 0 deg reference in Fig. 3 is identical to this
new lateral axis. The location of the RW is located on the final lat-
eral axis after rotation by þh3 about the final anterior axis
(Fig. 5(c)). The modiolar axis orientation relative to a tabletop
surface as in Fig. 1 requires a final rotation of the cochlear frame
by þ65 deg about the original superior axis (not shown).
3 Insertion Openings
Access to the ST for CI insertions are typically achieved
through an incision in the RW membrane or through a cochleos-
tomy sited anteroinferior to the RW on the cochlear promontory.
The actual RW opening is typically sited on the vertical segment
of the RW membrane (situated anteroinferiorly) rather than its
horizontal segment (located posterosuperiorly) [16]. This is shown
in the lower-left inset of Fig. 6 in which the RW opening is
located in the apical half (i.e., the vertical segment) of the RW
membrane. The mean entry points through the RW and through a
Fig. 2 The method to generate the cochlear view of Fig. 3 is
summarized. (a) While the X-ray and film plane are maintained
orthogonal to each other, the skull is positioned against the
film such that the angle between it and the midsagittal plane is
approximately 50 deg. (b) Next, the skull is adjusted so that the
angle between the X-ray and the infraorbitomeatal plane (IOP)
is near zero. Upon completion, the modiolar axis is nearly paral-
lel to the X-ray. Modified image from Ref. [10] reproduced with
permission of Wolters Kluwer Health.
Fig. 3 The skull positioning of Fig. 2 results in the cochlear
view, which contains a 2D image of the electrode array (shown
as a series of squares) as a nonoverlapping spiral in the basal
and middle turns. The spiral center is determined by fitting a
mathematical spiral template to the position of the electrodes.
The line cv2 passes through the top of SSC and the midpoint of
the vestibule (V). The line cv1 passes through the spiral center
and is orthogonal to cv2. Angular insertion depth (h) is meas-
ured from the geometric 0 deg reference, which is the line from
the spiral center through the intersection of cv1 and cv2. The
location of the RW entry, which is near the intersection of cv2
and the electrode array, is measured from the 0 deg reference
and shown here as h3. LSC is the lateral-semicircular canal.
Modified image from Ref. [12] reproduced with permission of
Wolters Kluwer Health.
Fig. 1 Diagram of the standard otologic positioning
Table 1 Cochlea orientation with respect to anatomic
landmarks
Description References Value
h1 between midsagittal plane
and spiral axis of the cochlea
[10] 40 deg
[12] 37.5 deg (range of 15.5 deg)
h2 between infraorbitomeatal plane
and spiral axis of the cochlea
[10] 0 deg
[12] 1.8 deg (range of 6 deg)
h3 locates round window in the
plane of basal turn
[11] 13.47 deg
[9,14] 13.5 deg (range of 12.4 deg)
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cochleostomy just apical of it are given as 13.5 deg (h3 in Table 1)
and 23.8 deg, respectively, as measured in the plane of the basal
cochlear turn from the 0 deg reference of the cochlear view [9].
The corresponding linear distances to these entry points are
approximately 1.5mm and 2.5mm as measured from the basal
end of the ST. A virtual model of the cochlea, with approximate
locations of the insertion holes, is shown in Fig. 6.
While a cochleostomy insertion can be replicated by a properly
positioned hole, to model a RW insertion is more complicated due
to the anatomy of the RW region. The RW membrane is recessed
within a bony cavern called the RW niche (Fig. 7), which, in com-
bination with the crista (i.e., the bony ridge adjacent to the RW
membrane), restrict the entry angle such that the tip is directed to-
ward the modiolar wall upon insertion [16] (top-right inset of
Fig. 6). In extreme cases, where this interference prevents a com-
patible electrode path, reducing the posterior-superior lip of the
RW niche and enlarging the opening at the anteroinferior margin
will allow the surgeon to make insertions where the electrode is
more aligned with the ST lumen. Since surgeons have the ability
in practice to modify the anatomy for better visibility and access
to the RW membrane [16,17], we assume that the surgeon has
made the membrane accessible and replicate RW insertions by
modeling only the incision into the RW membrane as an opening
with a small protrusion near 5 o’clock to account for the obstruc-
tion due to the crista (bottom-left inset of Fig. 6).
Insertions through the RW are further complicated by a narrow-
ing of the ST near the RW. This is illustrated in Fig. 7 as the
cross-sectional width and height of the ST decrease toward the ba-
sal end of the RW. This narrowing is further exacerbated by a
clockwise rotation of the osseous spiral lamina (OSL) from verti-
cal at the posterior edge of the RW to more oblique angles deeper
within the basal turn [18]. Thus, the initial trajectory of the elec-
trode array is aligned with the short dimension of the ST rather
than its long dimension. For example, at the middle of the RW
Fig. 5 Top: Orientation angles of Table 1 and cochlear-view
axes (lines cv1 and cv2) are shown relative to the three orthogo-
nal reference planes of the body: the sagittal plane (SP), coro-
nal plane (CP), and the transverse plane (TP). h3 is measured in
the plane formed by cv1 and cv2; modified public domain image.
Bottom: cochlea orientation angles (shown as a series of suc-
cessive rotations of a Cartesian frame originally aligned with
the reference planes).
Fig. 6 Virtual model of the cochlea showing the basal end of
the scala tympani (ST) as seen through the facial recess during
surgery with an enlarged view of the RW region provided in the
lower-left inset. Depictions of both insertion openings, RW
opening and anteroinferior cochleostomy, are superimposed
onto the virtual model to provide approximate locations with
respect to the RW membrane. Basilar membrane (BM), scala
vestibuli (SV), and the skull position corresponding to the coch-
lea orientation are provided for reference. Image is generated
using software available for public use [15]. Top-right:
posterior-superior lip of RW niche (black arrow) and bony pro-
jection from crista (outlined by dotted white line) restrict the
angle of electrode (EL) entry so that the electrode tip (white
arrow) is directed toward modiolar wall and spiral ganglion
(SG) rather than the ST lumen. A well placed cochleostomy
(shown as a dashed circle) can facilitate direct insertions into
the ST lumen (dashed arrow). Modified image from Ref. [16]
reproduced with permission of John Wiley and Sons.
Fig. 4 The skull positioning of Fig. 2 was confirmed through
more rigorous measurements using numerous temporal bones
[12]. To confirm Fig. 2(a), they computed the angle A between
the line passing the lower arm of the posterior semicircular
canal (PSC) and the midsagittal plane, and assumed that A is
nearly identical to A0 (left image). The mean value of A (for
n5 102) is 52.5 deg. C is the complementary angle of A and is
identical to h1 in Table 1 and Fig. 2. Next, to confirm Fig. 2(b),
they computed the angle B between the lateral-semicircular
canal (LSC) and the modiolar axis (bottom-right image). The
mean value of B (for n510) is 28.2 deg. Since the LSC forms an
angle of 30 deg upward from the infraorbitomeatal plane, they
concluded that the modiolar axis is nearly parallel to this plane.
Viewing the film plane in the direction indicated by the arrows
results in the cochlear-view radiograph shown in Fig. 3. Modi-
fied left image is from Ref. [12] reproduced with permission of
Wolters Kluwer Health. The right images are generated using
software available for public use [15].
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membrane, the long dimension of the ST has been effectively
rotated away from the insertion direction such that the clearance
between the inner wall of the ST and the electrode array tip upon
insertion is only about 0.5mm (Fig. 7(b)).
To model the narrowing of the RW region, we first note that the
ST terminates near the RW [18], and assume that the basal end of
the RW is near the beginning of the ST. Next, we approximate the
RW membrane as a circle with a diameter of 2mm, which is con-
sistent with the dimensions reported by Nomura [19] and Erixon
et al. [20]. Thus, the basal and apical end of the RW (Figs. 7(a)
and 7(c)) corresponds to a distance of 0mm and 2mm, respec-
tively, from the ST’s beginning. With this, we can now align the
various histological measurements, often given with respect to
different reference markers [21–26].
Since detailed measurements of the OSL angle in the basal
region of the cochlea are lacking in the available literature, we
estimate this parameter by inspecting the OSL angle in the histol-
ogy images found in Refs. [18,26] and with the software used to
generate Fig. 6. (These estimates are listed in Table 3 as the / val-
ues from d¼ 0mm to d¼ 5mm).
4 Consensus Cochlear Coordinates
To address the need to standardize CI insertion evaluations, a
3D cylindrical coordinate system, well suited for clinical measure-
ments of CI insertions, was agreed upon by a panel of prominent
researchers and manufacturers [9]. We adopt this coordinate sys-
tem so that insertion experiments can be evaluated with the same
metric as clinical insertions. A plane through the basal turn of the
cochlea perpendicular to the modiolus is chosen as the plane of
rotation. This is equivalent to the cochlear view, making this con-
sensus framework straightforward to implement in our phantom.
Angular measurements are measured from the center of the RW
rather than the 0 deg reference of the cochlear view. The z-axis is
placed through the center of the modiolus, with its origin at the
level of the helicotrema (the apex of the cochlea). The radial dis-
tance from the modiolus to the implant completes the third com-
ponent of the cylindrical coordinate system. Because our phantom
is developed from a spiral model that computes radius and height
as a function of angle (Eqs. (1)–(3)), the three coordinate values
can be parameterized by a single angular measurement.
5 Construction of Scala-Tympani Phantom
5.1 Modeling the Scala Tympani. We now summarize the
process to model the ST, which was originally described by Clark
et al. [1]. The 3D spiral shape of the ST, expressed in cylindrical
coordinates, can be described by the following equations:
R ¼ C 1 D lnðh h0Þð Þ h < 100 deg (1)
R ¼ AeBð0:0002h2þ0:98hÞ h  100 deg (2)
z ¼ Eðh h1Þ (3)
R is the distance from the spiral center in mm, z is the height value
in mm, and h is the angle in degrees. Equations (1) and (2) are
based on the spiral template of the cochlear view (Fig. 3). The val-
ues for constants A, B, C, D, E, h0, and h1 are listed in Table 2.
We generate the spiral curve for a range of h from 6.8 deg to
910.3 deg in 0.1 deg increments (Fig. 8).
Starting at the basal end of the spiral and at each 1mm incre-
ment toward the apical end, we model the ST sections (Fig. 8) as
Fig. 7 Histological cross sections in the basal end of the cochlea. BM, basilar membrane; OSL,
osseous spiral lamina; RWN, round-window niche; RWM, round-window membrane; SM, scala
media; ST, scala tympani; SV, scala vestibuli. Modified images from Ref. [26] reproduced with
permission of Lippincott Williams and Wilkins.
Table 2 Values for constants of equations (1), (2), and (3)
A B C D E h0 h1
(mm) (mm) (mm) (mm) (mm) (deg) (deg)
3.762 0.001317 7.967 0.1287 0.003056 5.0 10.3
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semicircular ends, connected by straight segments, parameterized
by width and height values given in Table 3. The ST width and
height from the previous phantom [1] were taken from Wysocki’s
mean width and height measurements of 25 temporal bones taken
at 1mm increments from the ST’s beginning [21]. However, the
ST height seemed undersized based on our experience. This is
confirmed by comparing Wysocki’s data against other published
data [22–25] (Fig. 9). Since, in our opinion, this discrepancy indi-
cates a systemic error with Wysocki’s data, we averaged the
height data from the other publications and use this for the ST
height values instead. We also confirmed that no change was
needed for the ST width as Wysocki’s width measurements were
consistent with the other data sets. Each section is oriented so that
it is orthogonal to the lumen, rotated by / to model the OSL
angle, and shifted medially by ws (Fig. 8) to better match Cohen’s
silastic models [11] and Kawano’s reconstructions [27] (Fig. 10).
We note that the section at 0mm in Ref. [1] is equivalent to the
section at 2 mm here. The reason is that previously the first two
cross sections were ignored, shortening the overall length of the
ST and widening the phantom’s opening. To include these initial
cross sections, we extend the starting point of the spiral template
from 10.3 deg to 6.8 deg. The previous starting point (10.3 deg)
was used to approximate the basal end of the organ of Corti [28].
More recently, some have concluded that the actual basal end of
the organ of Corti is likely closer to 5 deg than to 10 deg, which
would indicate an earlier start angle [9]. Moreover, by lengthening
the basal end of the spiral, the angular locations of the RW open-
ing and cochleostomy are better matched to the appropriate linear
distances from the basal end (see Fig. 6 inset). That is, the loca-
tions of the RW opening and the cochleostomy (the intersections
of our ST’s outer wall with 13.5 deg and 23.8 deg lines, respec-
tively) should be about 1.5mm and 2.5mm, respectively, from the
basal end (Fig. 11). Finally, the values for / at 6 and 7mm are
interpolated to provide a smooth transition from the estimated
OSL values to the values originally determined by Clark et al.
from 8mm on.
5.2 Phantom Design and Fabrication. The phantom design
based on the modeled ST is illustrated in Fig. 12 and is based on
the process detailed by Clark et al. [1]. Our phantom is designed
such that if placed on a tabletop, the ST’s orientation matches the
values in Table 1. The angular grid is designed with the 0 deg ref-
erence through the center of the RW. An exit hole is placed at the
top of the phantom to allow for fluid to travel through the cavity.
We model the cochleostomy opening as a 1.2mm diameter
hole centered near the intersection of the 23.8 deg line with the
outer boundary of our modeled ST. Since the primary feature of a
cochleostomy insertion is an initial electrode trajectory in line
with the ST lumen (i.e., the longitudinal axis of the ST) [18], we
orient the opening toward the lumen. The size of the opening is
somewhat arbitrary as it will depend on surgeon preference and
manufacturer recommendations. For example, a survey of sur-
geons resulted in a preferred cochleostomy range between 0.8 and
2.0mm [29].
Similarly, the RW opening is a 1.2mm diameter hole centered
near the intersection of the 13.5 deg line with the outer boundary
of our modeled ST. Since the phantom is essentially a solid struc-
ture with a cavity representing the ST, the insertion openings will
have a tunnel effect due to the material wall thickness at the open-
ing. This effect is an artifact of the design, and is not an inherent
characteristic of the surgical insertion. To minimize this effect for
RW insertions, we trim material to the boundary of the cavity
(shown as a red dashed line in Fig. 12) to a wall thickness of
Fig. 8 Steps to model the scala tympani. (1) Create sections parameterized by h and w. (2)
Place the origin of each section (intersection of x0 and z0) onto the spiral at 1mm increments
from its beginning, with z0 initially aligned with z, and orient the section such that it is orthogo-
nal to the local spiral direction. (3) Rotate section counterclockwise by / and shift section
medially by ws.
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0.3mm. This is not necessary for cochleostomy insertions since
this artifact does not affect the initial electrode trajectory. Finally,
a small protrusion near 5 o’clock is added to the RW opening to
account for the obstruction due to the crista.
A usable phantom requires it to be transparent enough to visual-
ize the implant during insertions and have a smooth internal sur-
face to mimic the endosteum lining of the ST [6]. A multistep
casting process, such as that used in the investment casting of jew-
elry, has been successfully used to produce transparent cochlea
models [7]. However, the complexity of this multistep process is
not ideal where only a few phantoms are desired. A simpler
method is to 3D print the device directly from software.
We now note some limitations with 3D printing that affect the
usability of this device. First, not all additive manufacturing proc-
esses can build with transparent materials. Second, the layer-
by-layer building operations inherent in these processes leave a
stair-step finish. Thus, the smoothness of the surface is limited by
the resolution of the build layers. Third, designs with complex
geometries, such as overhangs and tunnels often require the depo-
sition of support material to act as a temporary scaffold while
these features are built. In the case of our phantom, removal of
this temporary support structure from within the internal cavity is
difficult. Fourth, a nonsmooth surface finish usually results where
the temporary support structure contacts the actual build material.
Surface polishing, often used to smooth out these aforementioned
features, is not a viable option since the internal channel is not
easily accessible. It is conceivable that continual advancements in
3D printing technology will render these concerns obsolete in the
future. For now, the best results are achieved by high-resolution
machines that can build complex geometries with minimal, easily
removable, support material.
We produced two sets of phantoms using the machines in
Table 4. The Viper si2 SLA is a high-definition stereolithography
machine capable of building in transparent plastic (Watershed
XC11122) without requiring any support material, eliminating the
problem of support-material removal from the internal cavity. The
next generation of microstereolithography machines is capable of
better resolutions and accuracies, but at this time is not widely
available. The ProJet HD 3000Plus, operated in Xtreme high defi-
nition (XHD) mode, has the best resolution and accuracy in its
class. The support material is completely meltable, allowing for
hands-free removal of the build-support structures. The primary
negative is that a transparent material is currently not available for
use with this printer, which is not ideal for visualizing insertions.
The SOLIDWORKS (Waltham, MA) renderings and the manufactured
phantoms are shown in Fig. 13 with a MED-EL (Innsbruck, Aus-
tria) standard electrode inserted into them.
To account for the machine’s resolution and accuracy, we rec-
ommend an enlarged ST channel to minimize the possibility that
an undersized channel is produced. This adjustment seems reason-
able given that an undersized ST will unnecessarily hinder inser-
tion experiments. Rebscher et al. oversized the ST cavity in their
ST model by 14% for this specific reason [7]. For a 1mm 2mm
cross section, this amounts to 0.14mm to 0.28mm. For perspec-
tive, the average of published standard deviations is about
0.14mm [21–24]. Our ST prototypes are oversized by 0.14mm in
both width and height beyond the values given in Table 3.
5.3 Validation. We validate the usefulness of our phantoms
through insertion experiments similar to those described in
Ref. [2]. To automate the insertions, standard MED-EL electrodes
are mounted to a Thorlabs (Newton, NJ) MTS50/M-Z8 linear
stage. By rigidly mounting the phantoms onto an ATI (Apex, NC)
Nano17, six-axis, force-torque sensor (3.125mN resolution),
forces on the phantoms can be measured during automated inser-
tions. Prior to each insertion, the channel is filled with saline solu-
tion and the electrode tip is positioned just inside the opening.
The first set of experiments compares our cochleostomy phan-
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major CI device manufacturers (Fig. 14). The version from
Advanced Bionics is made through a multistep casting process,
but it models all three scala chambers as a single cavity. This
overstates the channel size that the electrode travels through and
makes insertions easier, which is especially evident for deeper
insertions.
The version by MED-EL is made using stereolithography and
has the shortest section between the opening and the basal turn.
Thus, in the MED-EL model, electrodes travel a shorter distance
to reach the same angular insertion depth as compared with the
others and have the effect of overstating the insertion forces at
deeper insertions.
The version by Cochlear (Sydney, Australia) is only a planar
model. That is, it does not replicate a full 3D path for the electrode
to travel through. The measured insertion forces are between the
lower and upper bound set by Advanced Bionics and MED-EL,
respectively.
The two versions of our cochleostomy phantoms are identified
as numbers 4 and 5 in Fig. 14. Phantom 4 performed similarly to
the version by Cochlear and phantom 5 resulted in lower insertion
forces than phantom 4. This suggests that the ProJet HD 3000Plus
produces a device with a smoother internal surface finish than that
made by the Viper si2 SLA. This is consistent with the stated
machine resolution and accuracy tolerances provided by manufac-
turer (Table 4). A significant disadvantage of the ProJet HD
3000Plus is that the material is only semitransparent and does not
provide good visualization of an electrode inside it. Since both devi-
ces perform comparably with those widely in use, we recommend
using the version made with the completely transparent plastic.
The second set of experiments compares our RW phantom with
cadaver cochleae to determine if insertion force experiments con-
ducted in our device can be a reliable indicator of insertion force
measurements in an actual cadaver cochlea (Fig. 15). Unlike the
Fig. 9 Wysocki’s height data [21] is smaller than other pub-
lished values [22–25]. The solid line is the average of the non-
Wysocki data sets.
Fig. 10 Our scala-tympani model (shown in gray and limited to
1.5 turns to reduce visual clutter) is compared with Cohen’s
silastic models [11] and Kawano’s reconstructions [27]. The
intersections of the outer wall of our model with the 13.5 deg
and 23.8 deg lines are the respective entry points through the
round-window opening and an anteroinferior cochleostomy.
Modified image from Ref. [9] reproduced with permission of
Wolters Kluwer Health.
Fig. 11 Our scala-tympani wall lengths compared with pub-
lished data [22,27]
Table 4 Machines used to build prototypes of Fig. 13
3D Systems (Rock Hill, SC) ProJet HD 3000Plus Viper si2 SLA
Layer thickness (lm) 16 (XHD Mode) 51 (Hi Res Mode)
Accuracy (lm) 25–50 127
Material VisiJet Crystal Watershed XC11122
Fig. 12 Steps to design phantom in SolidWorks. (1) Create loft
from imported x-y-z points that model the scala tympani. (2)
Build a structure around the lofted cut to orient the phantom
appropriately. (3) Create the angular grid system and an exit
hole near center of the dial. For the round-window version, we
trim material along the cavity boundary (red-dashed line) to
reduce the tunnel effect from the phantom’s wall thickness at
the round-window opening. (4) Create sketch planes where the
13.5 deg and 23.8 deg lines intersect the lofted cut. (5) Create
insertion openings on the defined sketch planes.
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first set of experiments, the automated insertions are not con-
ducted vertically but at an orientation that replicates actual surgi-
cal insertions. Bone sections containing the cochleae are dissected
out of two temporal bones chosen randomly from the University of
Utah Temporal Bone Lab and fixed with paraffin wax in a basket that
is rigidly mounted to the force sensor. We carefully open the RW
membrane, fill the cochleae with saline solution, and position the
electrode with its tip just inside the RW. We conduct one automated
insertion into each cadaver cochlea and stop the insertion if buckling
occurs to protect the electrode array from permanent damage.
The measured forces are very similar between the cadaver
cochleae and the RW phantom. A deeper insertion was achieved
with cadaver cochlea 1 than with cadaver cochlea 2. Since the
cadaver cochleae are not transparent, it is possible that the inser-
tion stage was slightly misaligned relative to the ST hindering a
full insertion. Although the number of cochleae was limited to
two, they were chosen randomly, indicating that, in our opinion,
insertion forces measured in our RW phantom can be used as an
indicator of actual measurements in a cadaver cochlea.
6 Discussion
The orientation of our phantom is largely based on mean values
of the required skull orientation angles to produce a radiographic
image that is orthogonal to the cochlear axis and parallel to the
plane of the basal cochlear turn. Although we have chosen to
Fig. 14 Insertion force measurements are compared for five different phantoms, each of which
is rigidly mounted onto a force sensor with the insertion opening oriented for vertical, auto-
mated insertions. An image of phantom number 5 is not provided because its semitransparent
material did not provide good visualization of the electrode.
Fig. 13 SolidWorks renderings of the cochleostomy (top-left) and round-window (top-right)
versions of our scala-tympani phantom are used to manufacture the corresponding devices
below. The tabletop views assume the phantom is lying on a flat surface with the observer’s
line-of-sight at the level of the phantom. The facial recess views approximate the surgeon’s
view of the insertion openings, in the spirit of Fig. 6. The top-down views are taken above the
phantom with the line-of-sight along the gravity vector. The dial views assume a line-of-sight
directed toward and orthogonal to the face of the dial. Standard MED-EL electrodes are inserted
as far as possible before buckling (to approximately 720 deg) into both phantoms.
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incorporate the findings associated with the cochlear view, a different
group, also interested in radiologic evaluations of CI insertions, pub-
lished a different set of skull orientation angles (h1¼ 30 deg, h2¼ 15
deg) [30]. They do not, however, provide the location of the RW in
their findings, which is a key feature of this phantom. Furthermore,
the cochlear view appears to have gained larger clinical acceptance.
To orient the phantom with respect to the tabletop, two key
assumptions were made. First, the infraorbitomeatal lines are
determined by anatomical landmarks that are set in the patient’s
skull and will vary from patient to patient. We assume that these
lines are parallel to the transverse plane since typically they are
nearly horizontal [12]. Second, we assume that axis 2 of the cv2
lies in the plane of the superior-semicircular canal, allowing us to
regard h3 with respect to a plane parallel to the infraorbitomeatal
plane. This simplifies the orientation of the phantom on a tabletop
and is within the listed variability (Table 1).
Our phantom models an anteroinferior cochleostomy, but there
is not complete consensus regarding the cochleostomy site
through which CI insertions are least traumatic to the delicate
intracochlear structures. Most seem to prefer an anteroinferior
cochleostomy [8,26,29,31,32], though a cochleostomy that is
mostly inferior [18] or mostly anterior [33] to the RW have their
proponents. Still others involve the RW membrane itself into the
cochleostomy [34]. Regardless, the ideal cochleostomy will facili-
tate electrode insertions with an insertion trajectory in line with
the ST lumen, which we model in our phantom.
Insertions through the RW are actually more complicated than
what has been modeled in our phantom because the RW mem-
brane is recessed into a complex, cavernous structure (the RW
niche) that limits visibility and access to the membrane. Rather
than model the complex niche, which has been attempted [19], we
assume that the surgeon has made the membrane accessible and
simply model an incision into the RW membrane. Neglecting the
niche simplifies the phantom model and is reasonable given that
the surgeon has the ability in practice to remove portions of the
niche for better visibility and access to the RW membrane
[16,17]. That said, our model can be easily reconfigured to simu-
late the niche by setting the wall thickness at the RW to the meas-
ured depth of the niche [35].
Additionally, this phantom does not replicate the access limita-
tions of the facial recess. This is true of all insertion experiments
that use either cochlea models or cadaver cochleae that have been
dissected out of temporal bones.
An angular grid has been designed into the phantom to accom-
modate the industry’s movement toward standardization. As an
added benefit, angular measurements can be interpreted in the
context of the cochlea’s tonotopic arrangement. That is, the elec-
trode position given as an angular location from the RW can be
used to determine the frequencies communicated to the cochlea.
Furthermore, a metric of the proximity of the electrode position to
the modiolus (to evaluate the effectiveness of modiolus-hugging
designs) can be computed by dividing the angular insertion depth
by the linear insertion depth [32].
7 Conclusions
A scala-tympani phantom for cochlear-implant insertions
through the round-window or a cochleostomy has been presented.
Fig. 15 Insertion force measurements, at clinically accurate insertion angles, are compared
between the round-window phantom (left) and cadaver cochleae fixed in baskets with paraffin
wax (right), mounted rigidly to the force sensor
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It is primarily aimed at those performing insertion experiments
but can also be used as part of an insertion simulation for training
or education. More information about these phantoms, including
SOLIDWORKS and MATLAB files, can be obtained from the University
of Utah’s Telerobotics Lab (www.telerobotics.utah.edu).
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CHAPTER 4
AN IN-VITRO INSERTION-FORCE STUDY OF
MAGNETICALLY GUIDED, LATERAL-WALL,
COCHLEAR-IMPLANT ELECTRODES,
PART I: VIA COCHLEOSTOMY
Insertion experiments using clinical, lateral-wall-type electrodes through a simulated
cochleostomy demonstrate that a statistically significant (p < 0.05) reduction in insertion
forces, and by as much as 50% for some electrode models, can be achieved using magnetic
guidance.
4.1 Abstract
Insertion forces can be reduced by magnetically guiding the tip of lateral-wall, cochlear-
implant electrodes during insertion via cochleostomy. Alteration of the electrode tip to
accommodate a tiny magnet is required but does not change the insertion characteristic of
the electrode.
Steerable electrodes have the potential to minimize intracochlear trauma by reduc-
ing the severity of contact between the electrode tip and the lateral walls of the cochlea.
We have experimented with lateral-wall electrodes that have been modified to include
magnets at their tips, augmenting the superior flexibility of lateral-wall electrodes with a
steerable mechanism.
Automated insertions of candidate electrodes are conducted into a scala-tympani phan-
tom with a force sensor attached to it to provide the measurements needed to evaluate
our hypothesis. To achieve magnetic guidance, an external magnet is used to apply the
necessary magnetic bending torque to the magnetic tip of a clinical electrode with the goal
of directing the tip down the lumen.
t-test results indicate that magnetic guidance does reduce insertion forces beyond 8 mm
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while eliminating direct tip contact with the lateral wall. The amount of force reduction is
electrode dependent and varies from minimal to near 50%. Altering the tip to accommo-
date a tiny magnet was found to have minor effects on the insertion forces (less than 2 mN)
unless it altered the shape of the tip.
Direct contact between the electrode tip and the lateral walls of a scala-typani phantom
was eliminated. Insertion forces were reduced by as much as 50% with certain lateral-wall,
cochlear-implant electrodes.
4.2 Introduction
Cochlear implants have become the standard treatment for many with sensorineural
hearing loss. However, electrode insertion can cause intracochlear trauma if the insertion
forces exceed the inherent strength of the tissue [1, 2]. In particular, perforating the basilar
membrane is detrimental to hearing preservation [3]. Many studies indicate that minimiz-
ing trauma to preserve hearing is a worthy goal [4–6], even if improved speech perception
is not necessarily correlated with it [7].
One approach has been to improve upon the insertion characteristics of the cochlear-
implant electrodes. Designs of lateral-wall (LW) electrodes have considered parameters
such as flexibility [8–11], dimensions [12–19], fabrication technique [20], and material se-
lection [21]. In general, LW electrodes are designed to be thin and flexible so as to minimize
trauma when the tip first contacts the LW of the cochlea.
Alternatively, perimodiolar electrodes have a preformed curvature designed to curl
away from the LW of the first turn. Prior to insertion, they are straightened with a stylet.
During insertion, the electrode is advanced off the stylet (AOS) so that the preformed shape
functions as a steering mechanism. Proper technique requires the stylet to be stabilized at
the appropriate distance from the cochleostomy site so that the electrode can avoid the LW
while being advanced. If done correctly, negligible insertion forces can be achieved while
eliminating tip contact with the LW [22–25]. In practice, scalar excursion is a common
occurrence with these perimodiolar electrodes precisely at the location where it should be
curling away from the LW [26]. This can happen if the stylet is stabilized deeper into the
insertion than intended [27]. It can also happen if torsion misaligns the electrode so that
its tip curls into the basilar membrane [28]. Considerations for improving the insertion of
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perimodiolar electrodes have focused on insertion techniques [23, 25], stylet alternatives
[29], curling behavior [30], and automated robotic insertion [22, 24].
Given the success of AOS electrodes, the desire to navigate the first turn of the cochlea
has inspired many ideas, all of which require some modification to current electrodes that
would tend to make them less flexible [31–35]. To our knowledge, only one of these groups
demonstrated actual reduction in insertion forces with their prototypes [35]. This suggests
that atraumatic insertions may not be easy to achieve with current prototype steerable
electrodes.
We have developed a method to navigate a LW electrode by bending its tip away from
the LW of the cochlea during insertion and, in the process, reduce the pressure along the
entire length of the electrode against the LW due to the elastic mechanical properties of the
electrode. A detailed explanation of the physics is described in our prior work [36], and is
only summarized here. The actuation method utilizes an external magnet (EM) to apply
bending torque to the tip of an electrode. The electrode is equipped with a permanent
magnet rigidly embedded in, or attached to, its tip such that its magnetic dipole (i.e., the
vector that points from the magnet’s south pole to north pole) is aligned with the long axis
of the electrode. In the arrangement shown in Figure 4.1, the applied torque is dynamically
changed during operation as follows. As the electrode is continuously inserted into the
cochlea, the EM is rotated so that its magnetic dipole is orthogonal to the lumen at the
location of the electrode’s tip, resulting in the magnetic field applied to the electrode’s tip
leading the tip magnet by 90◦, which is the configuration for maximum magnetic-torque
generation on the tip. Simultaneously, the distance between the EM and the electrode’s
magnetic tip is adjusted to cause the electrode’s tip to bend away from the LW. As an added
benefit, magnetic forces are approximately zero in this configuration and can be neglected.
In practice, the rotation of the EM can be preplanned by segmenting the cochlea [37] to
determine the lumen heading as a function of insertion depth.
The amount of bending torque needed is based on the electrode stiffness and is ex-
pected to be unique to the specific model of electrode. Since electrode flexibility is a
design parameter [9], in practice, the necessary bending torque can also be determined as a
function of insertion depth. The translation of the EM relative to the cochlea (as illustrated
in Figure 4.1) can be preplanned based on the required torque throughout the insertion. If
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the motion of the EM can be determined by the insertion depth, the entire procedure can be
completely preplanned for automated insertions that do not require real-time localization
of the electrode tip relative to the cochlear walls. Real-time imaging [38, 39], if available,
could provide supplemental data during insertion, but it is not necessary. To be clear,
insertion depth in this context represents the translation of the insertion device at the
proximal end of the electrode, not the lumen depth achieved by the tip, because we assume
in a clinical build that the EM would be coordinated to the insertion device and not to the
tip location. Otherwise, this would require real-time imaging.
Our prior work [36] suggests that magnetic guidance can reduce insertion forces; how-
ever, experiments were conducted with 3-to-1 scale dummy electrodes. This chapter pre-
sents the first attempt at steering actual clinical electrode arrays, modified to have a mag-
netic tip, using magnetic guidance. In addition, all experiments herein are conducted to
mimic a clinical arrangement so as to better translate the results toward clinical applica-
tion. Reduction in insertion force is the primary metric used for evaluation and has been
used by other groups to evaluate prototypes and insertion techniques [20, 22, 23, 25, 40].
Temporal-bone histology has the benefit of visualizing the final position of the electrode
and examining any intracochlear damage that might have occurred during the insertion,
but the complexity of histology and limited access to temporal bones make insertion-force
measurements in a transparent scala-tympani phantom a reasonable first step.
In this study, we test two hypotheses: (1) embedding a small magnet at the tip of
a LW electrode does not significantly alter its inherent insertion characteristics, and (2)
magnetically guiding a LW electrode reduces insertion forces. In our opinion, the main
contribution herein is a method to avoid direct tip contact with the LW of the cochlea (an
advantage of current perimodiolar electrodes) while keeping the superior flexibility of LW
electrodes. This study is presented in two parts: in Part I (herein), we consider insertion
via cochleostomy; in Part II, we consider insertion via the round window.
4.3 Materials and Methods
The experimental apparatus used to conduct this study is shown in Figure 4.2. Elec-
trodes, mounted to a robotic linear stage (Figure 4.2-1), are inserted into a scala-tympani
phantom through a simulated cochleostomy [41] (Figure 4.2-2). Grid markers are engraved
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into the phantom and spaced at 30◦ increments from the round window as suggested
by Verbist et al. [42]. Insertion forces are measured by mounting the phantom rigidly
to a magnetically insensitive force-torque sensor (Figure 4.2-3). The motion of the EM
(Figure 4.2-4) is coordinated with the insertion using a computer that is programmed with
preplanned trajectories prior to experiments. Translation of the EM is accomplished with a
robotic linear stage (Figure 4.2-5) while a geared servo-controlled DC motor (Figure 4.2-6)
rotates the EM. To isolate the force-torque sensor from the motion of the actuators, the EM
is mounted on a completely separate platform (Figure 4.2-7), and the electrode-insertion
assembly is mounted on an optics bench that sits on sorbothane pads (Figure 4.2-8). A
camera system (Figure 4.2-9) captures video of the insertion experiment. The electrode
holder is aligned to the cochleostomy opening (Figure 4.2-10), and the rotation axis of the
EM is aligned with the central (modiolar) axis of the scala-tympani model (shown by the
dashed line in Figure 4.2).
The force-torque sensor used is an ATI (Apex, NC) Nano17 Titanium, factory calibrated
to ATI’s SI-8-0.05 specification. This yields a sensor resolution of 1.5 mN for all three-axes.
A tool transform is implemented in software so that the measurements correspond to the
origin of the phantom’s coordinate system.
N52-grade NdFeB magnets were obtained from SuperMagnetMan (Birmingham, AL).
The EM is a cube of 50-mm side-length with an estimated dipole moment of 131 A·m2. As
implemented in our apparatus, the maximum magnetic field that can be generated at the
center of the scala-tympani phantom is 225 mT. Cylindrical axially magnetized magnets
(0.25-mm diameter by 0.41-mm length) were selected to fit into the tips of the electrodes
used in this study.
All electrodes used (see Figure 4.3) were provided by MED-EL (Innsbruck, Austria).
They consisted of three electrodes with magnets (labeled E1, E2, and E3) to test our concept
and two unmodified reference electrodes (labeled R1 and R2) that served as our control
group. In two of the three electrodes with magnets (E1 and E2), the silicone rubber used
to encapsulate the magnet into the tip required a shore-hardness of 90, about twice the
shore-hardness of the rest of the electrode. This was necessary to prevent the magnet from
rotating inside the tip during experiments. The standard silicone rubber was not strong
enough to securely fix the magnet at the tips of E1 and E2 when torque was applied by the
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magnetic field.
Two separate experiment sets are conducted in the study described herein. The first set
compares each reference electrode against its modified model, with all electrodes inserted
through the simulated cochleostomy. The insertion speed for all trials is set to 0.2 mm/sec.
Although this is slower than manual insertions measured in the clinic [43], recent work
strongly suggests that slower insertions tend to have decreased electrode insertion forces
[43] with less variability [22] and are associated with better hearing preservation [44, 45].
For this experiment set, magnetic guidance is not used since the goal is to determine if
modifying the electrode tip to include a magnet changes the insertion forces.
The second set of experiments implements magnetically guided insertions of the elec-
trodes with magnets using a supervised automated procedure comprising three distinct
steps in a sequence that is repeated until the insertion is completed: (1) increment the
insertion depth by 0.5 mm, (2) rotate the EM to a depth-specific value stored in a look-
up table, and (3) translate the EM relative to the phantom using a depth-specific value
stored in a look-up table. Again, the insertion depth corresponds to the motion of the
insertion stage and not to the electrode tip. To obtain the values stored in the two look-up
tables described above, prior to conducting the experiments, the motion of the EM was
coordinated to the electrode insertion as follows. Each electrode was inserted into the
phantom at 0.5 mm increments. After each increment, a camera was used to visualize
the lumen direction at the current location of the electrode tip, and the EM was rotated
such that its dipole was orthogonal to the lumen direction, which would cause its applied
field to lead the dipole of the electrode’s tip magnet by 90 degrees. Then, the distance
between the EM and the phantom was adjusted until the electrode tip was centered in the
channel. This procedure was repeated for each electrode tested to create electrode-specific
look-up tables. In addition, to simulate supervisory control of the surgeon throughout the
three-step insertion sequence (i.e., the system awaiting surgeon consent between steps in
the sequence), the actuators were kept still for one full second between each step. For the
control group, we insert the electrodes with magnets in 0.5 mm increments and with the
EM positioned far away from the electrodes.
Prior to each trial conducted in all experiments described above, the phantom is filled




All angular insertion depth measurements herein locate the tip with respect to the
round window. All linear depth measurements herein represent movement of the inser-
tion stage. At 0 mm linear insertion depth, the insertion stage positions the most apical
electrode band just outside the scala-tympani channel.
All force values shown in the plots of Figure 4.4 and Figure 4.5 are the magnitude of
the averaged sensor values for every 0.5 mm of electrode insertion (to filter sensor noise).
The number of trials conducted for each electrode tested is indicated in the legend. t-test
analysis was computed on the difference of means and provided below the insertion forces
with markers indicating where along the insertion the null hypothesis can be rejected with
95% confidence. Rejecting the null hypothesis would imply that there is a statistically
meaningful difference between the two insertions compared. In other words, each marker
tells us where along the insertion we can be 95% confident that the measured difference is
not due to randomness. The 95% confidence intervals are displayed as shaded regions.
The results of Experiment 1 are compiled in Figure 4.4. Electrodes E2 and E3 have
nearly identical insertion behavior as their corresponding reference electrode R2. The
absolute difference between the measured insertion forces never exceeded 1.5 mN. There
is a statistically meaningful difference near 8-9 mm (where the electrode tip first contacts
the LW) although the measured effect (∆ ‖F‖) is minimal at less than 1 mN. For E3, there
are two additional regions from 10–12 mm and at 14 mm where statistically meaningful
difference occurs, though the difference is also less than 1 mN.
Electrode E1, however, performs differently than reference R1 beyond an insertion
depth of 15 mm, which is about 300◦. Video capture shows that the tip of E1 tends to
stick-slip in this region, whereas R1 does not. This phenomenon increases the insertion
force by about 5 mN. There is also a statistically meaningful difference near 10-11 mm but
with minimal effect (less than 1 mN).
The results of Experiment 2 are compiled in Figure 4.5. The top row provides the mag-
netic field generated at the phantom to accomplish the guided insertions of the electrodes
with magnets. t-test results show that beyond 8 mm insertion depth, magnetically guiding
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the electrodes through the channel significantly reduced insertion forces for all electrodes
tested. The greatest improvements were achieved with E2, with negligible forces up to
approximately 17 mm insertion depth and percent reduction at certain locations thereafter
greater than 50%, followed by the results for E3. However, we note that the maximum
required magnetic field applied to E2 was more than double that applied to E3, due to the
larger magnetic dipole embedded in the tip of E3. Only modest reductions in insertion
forces were achieved with E1.
To visualize a typical guided insertion, image snapshots of E2 are shown in Figure
4.5-B. With this method, the tip is able to reach approximately 180◦ before the apical section
of the electrode contacts the LW. Beyond this location, the applied torque is only able to
pull the tip away from the LW while the remainder of the electrode slides along the LW.
However, recall that, due to the mechanical properties of the electrode, we know that the
pressure is reduced along the entire length of the electrode due to the torque at the tip; the
net effect is observed in the reduced insertion force.
We examine the manner in which the guided electrode (E2) contacts the LW (see Figure
4.6 containing a sequence of images demonstrating the initial contact). Two things should
be noted. First, the electrode tip never directly contacts the LW through the first turn
(120◦–210◦). Second, the initial contact between the electrode and the LW is no longer
concentrated at the tip but is distributed over the apical section of the electrode.
We observe some unique responses for electrodes E1 and E3 under bending from the
EM. The tip of E3, due to its added length to accommodate a second magnet, along with
its hinge-like behavior, limits the amount of torque that can be applied because of the
increased possibility that the tip will touch the medial wall (Figure 4.7-1 and Figure 4.7-
2). This becomes more challenging as the channel becomes smaller for deeper insertions
or where the channel narrows suddenly (Figure 4.7-3). Note that, in our experimental
protocol, we chose to position the EM so as to center the tip magnet in the scala-tympani
channel, but an alternate method could have been to position the EM to just slightly pull
the tip away from the LW, which would have mitigated this concern; however, it is unclear
what effect this change in protocol would have had on insertion forces.
Near 180◦, the torque applied to the tip of E1 (Figure 4.7-4) is not sufficient to pull the
tip into the center of the channel after the electrode body begins to slide along the LW.
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This indicates that a stronger magnetic field was needed here and beyond what could be
delivered by our apparatus. This is not true beyond this point (Figure 4.7-5 and Figure
4.7-6), though it is partly due to the geometry of the channel.
4.5 Discussion
Assessments are primarily based on measured insertion forces with t-test analysis of
the difference of means to confirm statistical significance. It is important to note that we
are not making general conclusions about the population of electrodes since the number of
electrodes tested is very limited. Rather we are making an assessment about the insertion
itself. For example, regarding the first set of experiments, this would mean that if the same
insertions were conducted again comparing R2 and E2, we would be 95% confident that a
real insertion difference, although small, would occur between 8-9 mm of insertion depth.
Similarly, if experiment 2 was redone for E2, we would be 95% confident that beyond 8 mm
of insertion depth, magnetic guidance will begin to reduce insertion forces dramatically.
The effect of modifying the electrode tip to accommodate a small magnet is electrode
dependent. The alteration of R2 does not significantly affect its insertion characteristics.
However, altering R1 changes it behavior near 300◦. One possible reason is that the tip
of R1 is tapered, and by adding a magnet, the tip became rounded (Figure 4.3). We note
that our measurements of R1 and R2 are comparable to measurements obtained by other
groups using these electrodes [12, 47].
Guiding the electrodes through the channel reduced insertion forces for all electrodes
tested, although the improvement for E1 was minimal. Results achieved through magnet-
ically guiding E2 are comparable to the best results achieved with perimodiolar electrodes
inserted with the AOS technique [23, 25]. The results with E3 showed good overall force
reduction and also come with the benefit of requiring a smaller external magnetic source.
Even though E1 required more bending torque at 180◦ than could be delivered using
our EM, this is not sufficient to explain the minimal improvement measured. A stronger
magnetic field would have only helped for a short part of the insertion since sufficient
bending torque was applied past this region (Figure 4.7-5 and Figure 4.7-6). We are left
to conclude that the MED-EL Flex20 electrode, as currently designed, may not be a good
candidate for our magnetic-guidance concept.
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Based on the magnetic-field profile for all electrodes tested, the point at which the
maximum field is needed is at approximately 180◦. Beyond this location, the necessary
field strength changes based on the flexibility of the electrode tip and the geometry of the
channel.
One important result is that direct tip contact with the LW is eliminated throughout
the insertion. Even at the location where the electrode body first contacts the LW, it is
likely to be less traumatic because it is distributed over a longer length than is typical.
Two benefits arise from this. First, many studies have noted that a large percentage of
basilar-membrane perforations have occurred at the first turn of the LW [1, 2, 26, 48, 49]. In
such cases, the tip is often deflected by the LW out-of-plane into the basilar membrane [49].
Second, the likelihood of incomplete insertions increases dramatically if tip contact with
the spiral ligament is severe enough [50]. By eliminating direct tip contact with the LW
throughout the entirety of the insertion, both of these incidences are likely to be reduced.
There is an additional intangible benefit to magnetic guidance that is not quantified in
our experiments. Although we are primarily setting the applied-field direction to generate
a magnetic torque to pull the tip of the electrode away from the LW, because the field vector
is always set in the bending plane orthogonal to the modiolar axis, any angular deviation
of the tip from this plane is met with a torque proportional to the deviation that will try
to pull the tip back onto this plane. The overall effect would be akin to a magnetic spring
hindering the tip deviating toward the basilar membrane. The benefit of this effect will be
quantified in subsequent work.
All experiments were conducted through a cochleostomy proxy. With the ongoing
interest in atraumatic insertions, especially where hearing preservation is a priority, many
clinicians are opting for electrode insertion through the round window. Steering electrodes
that are initially inserted through the round window poses a unique challenge in that the
curvature of the cochlear hook is opposite that of the cochlear lumen. We believe that the
technique described herein for steering the electrode is perfectly suited for this challenge.
This is the motivation for Part II of this series [51].
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4.6 Conclusion
Magnetically guiding lateral-wall electrodes during insertions can reduce measured
forces by as much as 50% with certain electrodes and can eliminate direct contact between
the electrode tip and the lateral wall in its entirety. This is achievable through a minor
modification to existing lateral-wall electrodes, maintaining their beneficial flexibility over
stylet-based perimodiolar electrodes. Specifically, we found that insertions of the MED-EL
Flex24 electrode can benefit significantly from magnetic guidance, whereas the improve-
ments with the MED-EL Flex20 electrode are less pronounced.
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Figure 4.1. A. Magnetically guided insertions are achieved using only three controlled
degrees-of-freedom: (1) insertion of an electrode with a magnetic tip, (2) rotation of the
external magnet about the modiolar axis, and (3) translation of the external magnet along
the modiolar axis. B. Close-up view of the scala tympani with the basilar membrane
labeled (and shaded in white). C. The external magnet applies torque (shown as blue
curved arrows) to the electrode’s magnetic tip. To minimize any attractive force on the
tip toward the external magnet, the angle between the magnetic orientations (represented
by black arrows in the lower-right image pointing from each magnet’s south pole to north




















Figure 4.2. Experimental setup, with explanations of the various components in the text.
* with stronger silicone rubber at the tip
 Reference 1 magnet 2 magnets Length 
Flex20 R1 E1* --- 20 mm







Figure 4.3. Electrodes used in this study.
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A Results of Nonguided Insertions of Electrodes Through a Cochleostomy Proxy
B Image Sequence of a Typical Nonguided Insertion of R2
8.0 mm 10.0 mm 12.0 mm 14.0 mm 16.0 mm 18.0 mm
R1, n = 8
E1, n = 9
R2, n = 9
E2, n = 9
R2, n = 9
E3, n = 8
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stick-slip
Figure 4.4. A. (Top) Results of experiment 1 compare insertion forces of electrodes inserted
at a constant speed of 0.2 mm/s, without the use of magnetic guidance. 95% confidence
intervals are shown as shaded regions. Force values shown on the plots are the magnitude
‖F‖ =
√
F2x + F2y + F2z of the averaged sensor values for every 0.5 mm of electrode insertion
(to reduce sensor noise). The number of trials conducted for the electrode tested is
indicated in the legend. (Bottom) t tests compute the difference of means with markers that
indicate where along the insertion the null-hypothesis can be rejected with 95% confidence.
B. A series of image snapshots depicting a typical insertion of a lateral-wall electrode. The
linear insertion depth at which the image is taken is labeled on the lower-left of each image.
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Results of Guided Insertions of Magnetic Electrodes Through a Cochleostomy ProxyA
Image Sequence of a Typical Guided Insertion of E2B
22.0 mm17.5 mm13.5 mm12.0 mm8.5 mm7.0 mm
E1-guided
Max = 225 mT
E2-guided
Max = 171 mT
E3-guided
Max = 77 mT
E1-nonguided, n = 6
E1-guided, n = 4
E2-nonguided, n = 3
E2-guided, n = 3
E3-nonguided, n = 5
E3-guided, n = 3
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Figure 4.5. A. Results of experiment 2 compare nonguided and magnetically guided
insertions of the electrodes with magnets shown in Figure 4.3. The top row shows the
applied magnetic field used to achieve the guided insertions. Measured insertion forces
(with 95% confidence levels shaded) and t-test analysis are placed below the magnetic
field profiles. B. Images chosen to represent a typical guided insertion of an electrode with
magnet (E2 in this example) wherein the tip is navigated through the first turn.
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Sequence of Images Demonstrating Initial Contact of E2 with Lateral Wall
11.5 mm11.0 mm10.5 mm10.0 mm9.0 mm 9.5 mm
Figure 4.6. Images showing the nature of the contact between the magnetically guided
electrode (E2) and the lateral wall of the first turn. Near 180◦ from the round window,
applying torque to the tip can no longer pull the body of the electrode off the lateral wall
even though the tip never directly contacts the lateral wall.
1 2 3
4 5 6
Figure 4.7. Images comparing the tip behavior of electrodes E3 (top row) and E1 (bottom
row) under magnetic guidance at several locations.
CHAPTER 5
AN IN-VITRO INSERTION-FORCE STUDY OF
MAGNETICALLY GUIDED, LATERAL-WALL,
COCHLEAR-IMPLANT ELECTRODES,
PART II: VIA THE ROUND WINDOW
Insertion experiments using clinical, lateral-wall-type electrodes through a simulated
round-window opening demonstrate that a statistically significant (p < 0.05) reduction in
insertion forces can be achieved using magnetic guidance. Guiding the electrode-array tip
through the cochlear hook and the basal turn, in the same insertion, is demonstrated for
the first time. All existing methods to guide the electrode array can only be accomplished
through the basal turn.
5.1 Abstract
Insertion forces can be reduced by magnetically guiding the tip of lateral-wall, cochlear-
implant electrodes during insertion via the round-window. Alteration of the electrode tip
to accommodate a tiny magnet is required but does not change the insertion characteristic
of the electrode.
To date, steerable electrodes are designed to curve in the direction of the basal turn.
This is not ideal for round-window insertions, as the cochlear hook’s curvature is in the
opposite direction. We have experimented with lateral-wall electrodes that have been
modified to include magnets at their tips. By applying magnetic torque to the tip, in
opposite directions, an electrode can be navigated through the cochlear hook and the basal
turn.
Automated insertions of electrodes with magnets are conducted into a scala-tympani
phantom with a round-window proxy. A force sensor is attached to the phantom to
provide the measurements needed to evaluate our hypotheses. An external magnet is
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coordinated to the insertion of the electrode and directs the electrode tip down the lumen
through the entire insertion.
t-test results indicate that magnetic guidance does reduce insertion forces by as much
as 50% with certain electrode models. Direct tip contact through the cochlear hook and the
basal turn is completely eliminated for all electrodes with magnets. Stick-slip behavior of
the electrode does seem to differ if the tip shape is altered to accommodate the magnet.
Magnetic guidance can eliminate tip contact with the medial walls through the cochlear
hook and the lateral walls of the basal turn. Significant reduction of insertion force can be
achieved with certain electrode models.
5.2 Introduction
In Part 1 of this study, we described a method to magnetically guide the tip of a
robotically inserted lateral-wall (LW) cochlear-implant electrode to reduce insertion forces
during insertion via cochleostomy [1]. In this second part of the study, we describe how the
method can be modified for insertions via the round window (RW). With increased focus
on hearing preservation in cochlear implantation, especially given the benefits of com-
bined electric-acoustic stimulation, methods to minimize intracochlear damage have be-
come a priority in electrode placements [2,3]. This has renewed interest in using the RW for
electrode insertions [4–7] with the recent literature favoring the RW over cochleostomies
when hearing preservation is the primary consideration [8, 9].
Prior to the development of more flexible electrodes, cochleostomies were favored
because the stiffer multichannel electrodes required a straight route into the lumen to
avoid the cochlear hook (CH) region [10]. In fact, the CH is problematic enough that sev-
eral studies have examined the appropriate initial insertion vector needed for atraumatic
results [7, 11–15]. The need to evaluate this initial vector is due to the proximity of the
basilar membrane (BM) and osseous spiral lamina (OSL) to the RW opening [16], along
with the challenge of guiding the electrode tip satisfactorily down the lumen without first
impacting these particular structures. For many, cochleostomies are still preferred because
the electrode insertion vector can be aligned with the lumen of the scala tympani (ST)
making for easier insertions [9, 17]. However, this is becoming less of a concern with the
recent trend toward more flexible and thinner LW electrodes to reduce the effects of impact
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with intracochlear structures.
Although there are still many proponents of using cochleostomies [17], even when
hearing preservation is desired [9], LW electrodes are now routinely inserted through the
RW, the primary benefit of which is direct entry into the ST, at the outset, with minimal
drilling-related trauma [18]. This is guaranteed because the ST terminates at the RW. In
contrast, accurate placement of cochleostomies is mandatory to ensure initial ST insertions.
Unfortunately, it has been shown that there is a 20% probability that the cochleostomy will
be sited incorrectly by practicing surgeons, leading to potential electrode misplacement
into the scala vestibuli from the very outset [19]. Even in cases where soft-surgery tech-
niques are employed, cochleostomy sites may be different than originally intended [20].
Also, evidence from clinical practice indicates that using the RW for insertions produces
a high percentage of complete ST placement [21], and electrodes that are placed entirely
within the ST tend to produce better hearing outcomes [3].
Recent evidence suggests that, unlike LW electrodes, perimodiolar electrodes may not
be very safe for RW insertions [22–24]. A problem is that the stylet, which is needed to
insert these devices, increases the overall thickness while reducing the flexibility, both of
which are not suited for RW approaches and may make it more difficult for the electrode
to pass through the CH [20, 24]. An advantage to perimodiolar electrodes is that, when
inserted properly, they curl away from the LW of the first turn, reducing contact with
intracochlear structures in the process. With this in mind, we present a method to steer
a LW electrode that is inserted through the RW. In Part 1 of this study, which examined
magnetically guided insertions through a simulated cochleostomy, the goal was to apply
enough magnetic torque to bend the tip away from the LW of the cochlea’s first turn. In
this second part of the study, since the insertion is done through a simulated RW opening,
the electrode tip must first be bent away from the medial wall (MW) of the CH before later
being bent away from the LW of the cochlea’s first turn (Figure 5.1). To our knowledge, this
has never been attempted previously. The primary reason is that steerable electrodes, both
experimental prototypes and perimodiolar versions used in the clinic, have been designed
with a preferred direction of curvature matching that of the cochlea’s first turn and are
better suited for the straight, initial trajectory accomplished through a cochleostomy. With
RW insertions, however, the initial entry angle places the electrode tip near the MW, very
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close to the BM and the OSL. Properly steering the electrode through this section would
require a curvature direction opposite the remainder of the insertion, which is not possible
with existing steerable electrodes. Our method, however, can apply torque in either direc-
tion, bending the tip away from either wall as needed, and requires minimal modification
to the tip of existing LW electrodes. This, in our opinion, is the main contribution of the
work summarized herein.
We test two hypotheses: (1) embedding a small magnet at the tip of a LW electrode
does not significantly alter its RW insertion characteristics; (2) electrode insertion forces
can be reduced by magnetically guiding LW electrodes that are inserted through a RW.
5.3 Materials and Methods
Details of our clinical concept are provided in Part 1 of this study and are only summa-
rized here. Magnetically guided electrode insertions are accomplished by coordinating
the motion of an external magnet to the electrode insertion with only three controlled
degrees-of-freedom necessary: (1) the insertion of the electrode, (2) the rotation of the
external magnet about the modiolar axis, and (3) the position of the external magnet
relative to the cochlea along the modiolar axis. The translation and rotation of the external
magnet are determined so that the necessary magnetic torque is generated on the tip
(bending the tip away from the walls of the cochlea) while minimizing attractive magnetic
forces toward the BM [25]. The entire sequence is automated and preplanned so that
real-time feedback of the tip location is not required. Knowledge of the modiolar axis
provides the information needed to orient the bending torque principally within the plane
of the cochlear turns. It should be noted that the electrode is not pulled through the lumen;
it is pushed into the cochlea through an automated insertion device while the electrode tip
is guided away from the cochlear wall to assist the insertion.
To simulate this concept, an automated experimental apparatus was constructed. It is
identical to the apparatus used in Part 1 of this study. The only notable exception is that
the ST phantom (Figure 5.2-A) is designed with a simulated RW opening rather than a
cochleostomy opening [26]. This difference requires the electrode holder to be aligned to
a different entry angle (Figure 5.2-B). This was determined by trial-and-error to produce
reliable insertions and is within the range of values (4◦–25◦) used for insertion experiments
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in cadaver heads by Wimmer et al. [27].
Two separate experiments are conducted, and in both experiments, measured inser-
tion forces are the metric to evaluate our hypotheses. The first experiment compares
reference electrodes (i.e., without embedded magnets) against their magnetically tipped
counterparts, with all electrodes inserted through the RW proxy at a constant speed of
0.2 mm/s and without the use of magnetic guidance. In the second experiment, guided
insertions of the electrodes with magnets are accomplished using a supervised automated
procedure and involve a three-step sequence that is repeated until the end of the insertion
as follows: (1) increment the insertion depth by 0.5 mm, (2) rotate the external magnet to a
depth-specific value stored in a look-up table, and (3) translate the external magnet relative
to the phantom using a depth-specific value stored in a look-up table. The process to
determine the values stored in the two look-up tables was described in Part 1 of this study.
The only difference, as it pertains here, is that this process is also applied through the CH
(Figure 5.1), whereas in Part 1 of this study, this section was ignored since the simulated
cochleostomy brought the electrode directly into the lumen after entry. In addition, after
the path curvature reverses, the torque is applied in the opposite direction of that found
through the CH (Figure 5.2-C and Figure 5.2-D). For the control group, we insert the
electrodes with magnets in 0.5 mm increments and with the external magnet stationary
and positioned away from the electrodes.
Prior to each trial conducted in all experiments described above, the phantom is filled
with saline solution [28] and a small amount of silicone lubricant [29, 30] is applied to the
electrode tip.
All electrodes used were provided by MED-EL (Innsbruck, Austria), and consisted of
three electrodes with magnets and two reference electrodes. All electrodes tested were
described in Part 1 of this study. To prevent confusion, the labels used here are identical
to the labels used in Part 1 of this study. For example, E1 is meant to represent, in both
parts of the study, a Flex20 electrode with one embedded magnet. However, only for the
Flex24 electrode with two magnets (E3) was the same actual electrode used in both studies;
different E1 and E2 electrodes were used.
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5.4 Results
As in Part 1 of this study, all angular insertion depth measurements locate the electrode
tip with respect to the RW. All linear depth measurements represent movement of the
insertion stage. At 0 mm linear insertion depth, the insertion stage positions the most
apical electrode band just outside the ST channel. Entering through the RW rather than a
cochleostomy adds about 1 mm to the path. For clarity, we define first turn as the section
of the lumen from 120◦ to 210◦, measured from the center of the RW.
Force values shown in the plots (Figure 5.3 and Figure 5.4) are the averaged sensor
magnitude for every 0.5 mm of electrode insertion (to reduce sensor noise). The number
of trials conducted for each electrode tested is indicated in the legend. t-test analysis
was computed on the difference of means and provided below the insertion forces with
markers indicating where along the insertion the null hypothesis can be rejected with 95%
confidence. That is, at the insertion depth indicated by the marker, we are 95% confident
that the difference observed is not random. The 95% confidence intervals are displayed as
shaded regions.
The results of Experiment 1 are compiled in Figure 5.3. While the overall force trend
(Figure 5.3-A) is similar for all electrodes being compared, the results from the t tests are
mixed. Table 5.1 organizes the t-test results into the maximum effect (‖∆F‖) per location
cluster where the difference is statistically meaningful. The most significant difference
occurs between E1 and R1 at 10–12.5 mm of insertion. Video evidence shows large stick-
slip behavior for R1 that appears muted in E1 and results in a maximum decrease of about
6.7 mN. The next largest difference appears near the end of the insertions that compare
E1-R1 and E2-R2. Video did not provide any obvious reason for this difference. Overall,
the difference for E2-R2 never exceeded 3 mN at any point along the insertion.
A series of images are provided in Figure 5.3-B, illustrating the electrode tip (of R2) as
it travels from initial entry into the ST channel, through the CH region, transitioning into
the first turn, until tip contact with the LW. The electrode slides along the LW beyond the
last point illustrated. The total insertion travel depicted is 9 mm.
The results of Experiment 2 are compiled in Figure 5.4, along with the magnetic-field
profiles used to accomplish the guided insertions. The results from the t tests indicate
that magnetically guiding the electrodes through the channel did statistically reduce in-
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sertion forces for all tested, though with varying results. Insertion-force reduction was
consistently achieved by E3 beyond 10 mm with near 50% reduction at several locations
including the end. E2 also consistently achieved statistically significant insertion-force
reduction, though not until about 14 mm, with near negligible insertion forces between
14–17 mm insertion depth (240◦–315◦). Between 17-18 mm, the insertion force reduction,
though large, is not statistically meaningful because larger than typical stick-slip occurred
during one of the trials of E2-nonguided. This has the effect of expanding the confidence
intervals and increasing the threshold for rejecting the null hypothesis. We compare this
phenomenon to the force increase due to stick-slip at 19 mm for E3-guided. In this case,
the force increase was consistent for all trials, yielding smaller confidence intervals and a
lower threshold to reject the null hypothesis. The maximum magnetic field applied to E2
was more than double that applied to E3, due to the larger magnetic dipole embedded in
the tip of E3. Insertion-force reduction was achieved with E1 beyond 7 mm, though less
pronounced.
A sequence of images visualizing a typical guided insertion (of E1) through the CH
and entering the first turn is provided in Figure 5.4-B. The electrode tip is immediately
directed down the lumen (Figure 5.4-B(1)) and avoids the medial wall (Figure 5.4-B(2)).
Eventual contact with the medial wall does occur, but with the tip pointed away from it
(Figure 5.4-B(3)), after which the electrode slides along the medial wall. At the first turn,
the torque is reversed (Figure 5.4-B(4)) so that the electrode can be navigated through the
basal turn. At some point, the tip “stalls (Figure 5.4-B(5)) until the apical section of the
electrode begins sliding on the lateral wall, still with the tip pointed away from it (Figure
5.4-B(6)). Selected images of E2 and E3 are also provided (Figure 5.5) for comparison. In all
electrodes with magnets tested, the tip is guided successfully through the CH, eliminating
direct tip contact with the MW. As the electrode enters the first turn, the torque is reversed
successfully so that direct tip contact with the LW is also eliminated. The angular insertion
depth where the apical section of the electrodes first contact the LW of the first turn is




As stated in Part 1 of this study, evaluation of our hypotheses is based on t-test analysis
of the difference between the measured insertion forces. Conclusions about the population
of electrodes, however, are not possible because the number of electrodes tested is very
limited. Our conclusions are based on an evaluation of the insertions themselves, and
because our experiments involve multiple trials of the same insertion, the t tests allow us
to predict what would likely happen if the same experiments on the same electrodes were
to be done again. While this does not allow us to make conclusions about future electrodes
with magnets (since that would require a population study), the process to produce these
electrodes with magnets is repeatable. This gives us reason to think that similar results are
achievable in the future.
As discussed in Part 1 of this study, the natural tip shape of R1 is tapered, but by
adding a magnet to this tip, the shape becomes more rounded. In both cases in which the
tip shape was altered (recall that the electrodes E1 used in Parts 1 and 2 of these studies
are actually different electrodes), the stick-slip behavior of the electrode seems also to have
been altered. In Part 1 of this study, the tip alteration resulted in large stick-slip behavior
that did not exist otherwise, increasing the insertion forces by about 5 mN. In this study,
it had the opposite effect; the stick-slip exhibited by R1 was actually muted, reducing the
insertion force by about 5 mN.
Although the tip shape was not fundamentally altered for the other electrodes (E2 and
E3), the measured difference in insertion force, especially where the null hypothesis can
be rejected, was generally found to be larger than that observed in Part 1 of this study.
It seems that modifying the electrode tip has a greater effect on RW insertions than on
cochleostomy insertions. Still, the maximum difference never exceeded 4 mN at any point
along the insertion except at the very end of the insertions, comparing E2-R2.
A benefit of using lateral-wall electrodes is that the electrode does not have a pref-
erential curvature direction. This eliminates the need to properly align the electrode’s
preferential curvature prior to insertion as is required with perimodiolar models. Further,
a known problem for perimodiolar electrodes is that any torsion that twists the electrode
causes it to be no longer aligned properly to curl away from the LW [22]; this is not an
issue here because the magnetic dipole at the electrode tip is symmetric about the long
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axis of the electrode. Magnetic guidance will not be affected by electrode twisting before
or during the insertion.
The limitations of insertion-force metrics are worth discussing. In our opinion, this
type of metric is most appropriate when used for comparing the relative flexibility among
competing electrodes or the relative impact of insertion techniques. Absolute sensor values
cannot be used to determine potential trauma on intracochlear structures such as the
BM, even if the force threshold of the membrane is known [31], because it is likely that
the force sensor will understate the tip-contact force. As an example, the electrode tip
contacts the MW of the CH in all nonguided insertions, yet without any detectable jump
in sensor values. This is consistent with findings from a study in which BM perforation
was undetected in a temporal bone specimen mounted directly to an identical force sensor
to that used in our studies [28].
By eliminating direct tip contact with the MW immediately after entry through the
RW, one potential trauma site to the BM and the OSL [32] can be eliminated through our
technique. In a typical nonguided insertion, the electrode tip is directed toward these
delicate structures upon entry through the RW. As demonstrated in the guided insertions,
the tip is directed down the lumen immediately and made to avoid the MW in the CH. In
addition, optimized insertion vectors, along with the necessary drilling often required to
achieve them [7, 14], are likely no longer crucial.
A second site of potential trauma [32, 33] is along the first turn, where contact with
the LW sometimes deflects the electrode tip out-of-plane into the BM. To avoid this type
of impingement, the electrodes are navigated successfully so that the initial contact is
distributed over the apical section of the electrode, rather than localized at the tip, and
with the tip always directed away from the wall. We believe this likely to be less traumatic.
In addition, the use of a magnetic field intended to pull the tip of the electrode away
from the MW and LW has the benefit of providing a passive magnetic spring that attempts
to keep the orientation of the tip parallel to the BM, which will further mitigate the risk of
the magnetic tip deviating out-of-plane into the BM. This protection of the BM, which can
be deduced from first principles, cannot be observed in the insertion-force data.
The tips of E1, E2, and E3 reach 135◦, 150◦, and 180◦, respectively, before initial contact
with the LW is made by the apical section of the electrode (see Figure 5.4-B(6), Figure
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5.5-3, and Figure 5.5-6). Contrast this to the cochleostomy trials (Part 1 of this study)
wherein each electrode tip was navigated to about 180◦ before the same event occurred.
This implies that entering directly into the lumen via the cochleostomy provides more
consistent avoidance of the LW.
We compare the magnetic-field profiles used here with those used to accomplish the
insertions via cochleostomy in Part 1 of this study. For both E2 and E3, the maximum
magnetic field needed for these experiments is about 28% higher than what was needed in
Part 1, whereas the maximum magnetic field needed to guide E1 in these experiments was
actually 28% lower than in Part 1 of this study. Realizing that additional work is needed
to substantiate this, it is possible that the flexibility of individual electrodes, even based
on the same electrode model, may vary. However, the relatively small difference between
fields required suggests that a single clinical magnetic-guidance system could be designed
for use in both cochleostomy and RW insertions.
In both parts of this study, we generated the insertion profiles offline, and then ran
those insertions in an open-loop fashion. For the sake of performing controlled and re-
peatable experiments, we chose to generate the profiles following a specific procedure
that we described in Part 1, but there is no evidence that the procedure results in optimal
insertions. In our intended concept, the insertions will be modified in real time using a
sensor measuring the force at the location where the insertion stage holds the electrode,
as has been demonstrated previously [34]. This will likely enable improved insertions, as
well as monitoring to prevent any unsafe rises in the insertion force.
Finally, some of our prototype electrode arrays were made with a substantial gap be-
tween the embedded magnet and the distal electrode band, and we observed substantial
bending in the gap region, which has low stiffness due to the lack of any wires to act as
an elastic backbone. This is undesirable as it resulted in an artificial limit to the applied
torque we were able to apply to pull the array away from the LW before risking a collision
of the tip with the MW. In future prototypes, it will be important to embed the tip magnet
close to the distal electrode band.
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5.6 Conclusion
In this study, we demonstrated that magnetic guidance of a robotically inserted lateral-
wall cochlear-implant electrode equipped with a permanent magnet at its tip results in
a significant reduction in insertion forces when inserted via the round window. To our
knowledge, this is the first attempt at actively steering clinical-type electrodes of any type
through both the cochlear hook and the first turn. Direct tip contact at the medial wall of
the cochlear hook and at the lateral wall of the first turn can be eliminated while maintain-
ing the inherent safety of flexible, lateral-wall electrodes. Insertion-force reduction was
greatest with the MED-EL Flex24 electrode and less pronounced with the MED-EL Flex20
electrode.
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Figure 5.1. The ability to steer an electrode (modified with a magnet at its tip) through the
cochlear hook (A) and the basal turn of the cochlea (B) requires the electrode to bend in
opposite directions. The scala-tympani model depicted here, with the basilar membrane
















Figure 5.2. Electrodes are inserted through a scala-tympani phantom, designed with
a round-window opening (A). The electrode holder is aligned as shown (B) to achieve
repeatable insertions. In the guided experiments, an external magnet is used to apply
bending torque to the electrode tip to avoid the medial wall of the cochlear hook (C) and
the lateral wall of the basal turn (D). To achieve this, the north axis of the external magnet
must be correctly oriented relative to the magnetic tip to apply bending torque in opposite
directions (as indicated by the black, curved arrows).
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Figure 5.3. A. (Top) Results of experiment 1 compare insertion forces of electrodes inserted
at a constant speed of 0.2 mm/s, without the use of magnetic guidance. 95% confidence
intervals are shown as shaded regions. Force values shown on the plots are the magnitude
‖F‖ =
√
F2x + F2y + F2z of the averaged sensor values for every 0.5 mm of electrode insertion
(to reduce sensor noise). The number of trials conducted for the electrode tested is
indicated in the legend. (Bottom) t tests compute the difference of means with markers that
indicate where along the insertion the null-hypothesis can be rejected with 95% confidence.
B. A series of image snapshots depicting a typical insertion of a lateral-wall electrode when
inserted through the round-window proxy. Immediately upon entry, the electrode tip is
directed toward the medial wall (C-1). Soon thereafter, the electrode tip contacts the medial
wall (C-2) and slides along it (C-3 and C-4) until the path curvature reverses (C-5). The
electrode tip then contacts the LW near 120◦ (C-6).
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Figure 5.4. A. Results of experiment 2 compare nonguided and magnetically guided
insertions of the electrodes with magnets. The top row shows the applied magnetic field
used to achieve the guided insertions. Measured insertion forces (with 95% confidence
levels shaded) and t-test analysis are placed below the magnetic field profiles. B. Images
chosen to represent a typical guided insertion of an electrode with magnet (E1 in this




Figure 5.5. The behavior of E2 (top row) and E3 (bottom row) under magnetic guidance is
depicted at selected locations: through the cochlear hook (left), at the first turn (middle),
and upon first contact with the lateral wall (right).
Table 5.1. Table organizing the t-test results from Figure 5.3 into location clusters where
the force difference is statistically significant along with their corresponding maximum
measured difference. Units for depth and ∆ ‖F‖max are mm and mN, respectively.
E1, R1 E2, R2 E3, R2
depth ∆ ‖F‖max depth ∆ ‖F‖max depth ∆ ‖F‖max
7.0–9.5 1.2 2.0–3.0 0.5 4.0–4.5 0.2
10.0–12.5 6.7 7.5–9.0 0.6 10.5–12.0 1.1
16.5–19.0 4.8 14.0–16.5 2.8 19.5–20.0 3.3
18.0–19.0 2.6 22.5–23.5 5.8
CHAPTER 6
OPTIMAL SIZE AND PLACEMENT OF THE
MAGNETIC DIPOLE-FIELD SOURCE FOR
MAGNETICALLY GUIDED ELECTRODE
INSERTIONS
This chapter summarizes an optimal configuration (size and location) of a magnetic
dipole-field source for use in a clinic to achieve magnetically guided insertions of cochlear-
implant electrode arrays. In all prior work, it had been configured to travel on a path
that would be coincident with the cochlea’s modiolar axis, which was an unnecessary
constraint that was useful to demonstrate feasibility but may not be ideal in the clinic.
6.1 Abstract
Magnetically guided insertions of cochlear-implant electrode arrays have been demon-
strated, at clinical scale, to reduce insertion forces, which is believed to be correlated to a
reduction in trauma. In those prior studies, the magnetic dipole-field source (MDS) was
configured to travel on a path that would be coincident with the cochlea’s modiolar axis,
which was an unnecessary constraint that was useful to demonstrate feasibility. In this
chapter, we determine the optimal configuration (size and location) of the MDS needed
to accomplish guided insertions with a 100 mT field strength required at the cochlea, and
we provide a methodology to perform such an optimization more generally. Based on
computed-tomography (CT) scans of 30 patients, the magnetic dipole-field source should
be lateral-to and slightly anterior-to the cochlea with an approximate radius (mean and
standard deviation across patients) of 64 mm and 4.5 mm, respectively. We compare these
results to the modiolar configuration and find that the volume of the MDS can be re-
duced by a factor of 5 with a 43% reduction in its radius by moving it to the optimal
location. We conservatively estimate that the magnetic forces generated by the optimal
71
configuration are two orders of magnitude below the threshold needed to puncture the
basilar membrane. Although patient-specific optimal configurations are computed in this
chapter, a one-size-fits-all version with a radius of approximately 75 mm is more robust to
registration error and likely more practical.
6.2 Introduction
Cochlear implants are neural-prosthetic devices implanted into the cochlea to directly
stimulate the auditory nerve, bypassing the hearing mechanics of the auditory system and
restoring effective hearing to those with profound sensorineural hearing loss. During the
surgery, the surgeon either drills a hole in the cochlea (known as a cochleostomy) or makes
an incision into the round-window membrane to insert an array of electrodes embedded
in silicone (commonly referred to as the “electrode array”) into the scala-tympanic (ST)
chamber of the cochlea.
The insertion of the electrode array is known to cause intracochlear damage if the
insertion forces exceed the inherent strength of the tissue [1]. The most traumatic damage
occurs if the electrode array perforates the basilar membrane and deviates into the adjacent
scala. The usual site for such trauma is along the first turn where contact with the lateral
wall sometimes deflects the electrode-array tip (EAT) out-of-plane and into the basilar
membrane [1–3]. This type of trauma is a strong predictor for permanent loss of residual
hearing [4]. Evidence also suggests that hearing outcomes improve by avoiding this type
of trauma [5]. Preservation of residual hearing and reduction of insertion trauma is now a
strong priority in cochlear implantation.
A method to magnetically guide the EAT through the ST during insertion has been
demonstrated using clinical lateral-wall-type electrode arrays with embedded magnets
at their tips. Repeatable, automated insertions were conducted in at-scale ST phantoms
designed with simulated cochleostomy [6] and round-window [7] openings. A magnetic
dipole-field source (MDS), external to both the electrode array and the phantom, applied
the necessary magnetic torque to the EAT, actively bending it away from the ST walls, and
reducing the insertion forces by as much as 50% over nonguided insertions. Moreover, at
the first turn in the basal plane, where a high percentage of basilar-membrane perforations
occur, the tip of the electrode array was never in contact with the lateral wall. These studies
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confirmed earlier 3-to-1 scale proof-of-concept studies [8].
The bending torque that is applied to the tip is given by the equation
τ = m× B (6.1)
where τ is the torque in units {N·m}, m is the dipole moment of the magnet at the EAT in
units {A·m2}, and B is the magnetic field vector at the EAT in units {T} (Figure 6.1-left). As
illustrated (Figure 6.1-center), the path of the electrode and the EAT is mostly constrained
on a plane orthogonal to the modiolus; we will refer to this as the basal plane. Therefore,
to bend the tip around the critical first turn where the EAT would normally contact the
lateral walls, the component of the torque vector parallel to the modiolar axis should be
maximized so as to bend the EAT principally within this plane. In other words, we want
to minimize any component of the torque that could bend the EAT out of the plane and
into the basilar membrane. This is accomplished by generating a magnetic-field vector
that rotates on the basal plane while leading the EAT’s dipole moment by up to 90◦. All of
our prior work achieved this by configuring the trajectory of the MDS to rotate about and
translate along the modiolar axis. This is illustrated in Figure 6.1-right in configuration 1
and is referred to herein as the modiolar configuration. However, there is an advantageous
reason for the MDS to approach the patient along a different trajectory: the size of the
MDS can be reduced by positioning it closer to the cochlea (as illustrated in the other two
configurations). The goal here is to generate the required bending torque on the EAT from
any location or trajectory that offers a clinical advantage, without the previous constraints
placed on the MDS.
It has been shown that a rotating magnet, positioned anywhere relative to a fixed point
in space, can generate at this fixed point a rotating magnetic field vector on any desired
plane simply by rotating the magnet about a unique rotation axis [9]. This concept is
illustrated in Figure 6.1-right where the rotating magnet is shown in three hypothetical
configurations, each with a unique axis-of-rotation (Ωˆ) to generate a magnetic field vector
at the cochlea that rotates on the basal plane and about the modiolar axis. Thus, from
any arbitrary position outside the patient’s head, the rotating magnet can generate the
necessary rotating magnetic field for guided insertions.
Note that in all the configurations shown, the direction from the MDS’s center to the
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cochlea does not change. This allows the magnet to rotate about a constant axis-of-rotation
while translating along a single degree-of-freedom toward or away from the patient’s
head. Part of the surgical planning could require the MDS to be positioned to some
minimum clearance from the surface of the head with the linear stage extended to its
maximum range of travel. Then, the linear stage could be retracted along the planned
translation direction to the beginning of its range of motion. Such an alignment procedure
would preclude any potential collision with the patient.
Throughout this work, we assume that the MDS comprises a spherical permanent
magnet. Spherical magnets have the desirable property that the point-dipole model per-
fectly describes their magnetic field. In addition, our group has already developed a
robotic end-effector that comprises a spherical permanent magnet [10]. Alternatively, an
electromagnetic source such as an Omnimagnet [11], whose magnetic field is accurately
described by the point-dipole model outside of its minimum bounding sphere, could be
used in place of a spherical permanent magnet. In that case, it would not be necessary to
translate the MDS relative to the patient’s head, because the strength of its magnetic dipole
can be controlled. However, large currents would be necessary to generate the required
dipole strength from an Omnimagnet of a given minimum bounding sphere compared to
the same sized spherical permanent magnet.
In this chapter, we explore the optimal configuration, defined as the smallest MDS
needed to accomplish guided insertions and its location relative to the cochlea. In Section
6.3, we present all of the necessary modeling equations that relate the size, strength, and
location of the MDS to the magnetic field that can be generated at the cochlea. In Sec-
tion 6.4, computed-tomography (CT) scans of 30 patients are segmented to create three-
dimensional models of the surfaces of the patients’ heads, along with the location and
orientation of the cochlea. In Section 6.5, we determine the optimal configuration (size
and location) of the MDS for each of the 30 patients. We compare the results to the MDS
required in the modiolar configuration and find that the MDS size can be substantially
reduced by moving it to the optimal location. Although we are primarily relying on
magnetic torque applied to the EAT to bend the electrode array, in general, there will also be
a magnetic force applied to the EAT. In Section 6.6, we provide a conservative force estimate
that indicates that magnetic forces are unlikely to apply any forces that might be dangerous
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to the delicate basilar membrane. In Section 6.7, we perform a sensitivity analysis to the
size, strength, and positioning of the MDS. Although we compute patient-specific optimal
configurations in this chapter, it is likely more practical to develop a one-size-fits-all MDS,
which will be overdesigned for the majority of patients. In Section 6.8, we consider the
robust placement of the MDS in light of this fact.
6.3 Magnetic Modeling
The necessary magnetic field to achieve successful guided electrode-array insertions
has been determined by our prior work [6, 7]. In that study, Flex-24 electrode arrays
provided by MED-EL (Innsbruck, Austria) with a 4.73×10−5 A·m2 permanent magnet
embedded in the EAT were guided successfully through a plastic ST phantom [12]. The
maximum magnetic field used in those experiments was determined to be 80 mT and
100 mT if inserted through a simulated cochleostomy and round window, respectively.
We will use 100 mT as the nominal magnetic-field requirement herein.
The magnitude of the dipole moment M, in units {A·m2}, for a spherical permanent-






3 is the volume of the spherical magnet, µ0 = 4pi × 10−7 T·m·A−1 is the perme-
ability of free space, and Br is the residual flux density in units {T}, which is an intrinsic
property of the magnetic material.
The magnetic field vector B in units {T} that is generated at the cochlea by a spherical









where p is the vector from the magnet’s center to the cochlea in units {m}. We will define
the location of the cochlea as the intersection of the modiolar axis and the basal plane [12].
We can simplify the use of (6.3) based on our intended use of the MDS. We intend
to mount the MDS on a one-degree-of-freedom linear stage with its linear trajectory pre-
planned so as to avoid any contact with the patient at any point during its translation.
During initial positioning, we envision the MDS to be placed as close to the surface of
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the head as allowable. This will represent the point on the trajectory where the distance
between the MDS and the cochlea is shortest. This is illustrated by the MDS that is almost
touching the head surface in all three of the hypothetical configurations shown in Figure
6.1-right. In general, the shorter the distance between the MDS and the cochlea, the smaller
the MDS can be and still generate the needed magnetic field.
Now suppose that at its closest approach to the patient, the MDS rotates about the
required rotation axis (Ωˆ) in order to generate a rotating field vector that lies on the basal
plane. For every complete revolution of M about Ωˆ, there will always be instances in which
M · p = 0. Thus, for a given p, the field magnitude will vary based on the relationship




Since we are searching for the location where the MDS can be smallest, we cannot know
the trajectory of the MDS in advance nor the relationship between M and p, so to be
conservative, we will assume that the field magnitude is always at this minimum possible
for a given p.
Assuming that the field magnitude necessary to achieve guided insertions of electrode
arrays is known [6, 7], then combining (6.2) and (6.4) yields the equation to compute the







Taking each surface point on the head, we can simulate a spherical magnet touching
the point and normal to the local surface as defined by the surface normal (Figure 6.2). By
defining this surface point as s and its surface normal of unit length as nˆ, the vector from
the center of the magnet to the cochlea is
p = −s− (r+ δ)nˆ. (6.6)
where r is the radius of the magnet and δ is the clearance from the surface point to the
surface of the magnet along nˆ. In the case where the magnet touches the patient, the
clearance is δ = 0.
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The distance from the magnet center to the cochlea can be calculated using the (modi-
fied) law of cosines as
‖p‖2 = ‖s‖2 + (r+ δ)2 + 2(r+ δ)sn (6.7)
where sn = ‖s‖ cos θ and θ is illustrated in Figure 6.2. sn can also be considered the
projection of ‖s‖ onto nˆ.
Next, rearrange (6.5) into the form given by
K ‖p‖2 − r2 = 0 (6.8)








expresses a ratio of the required magnetic field (‖B‖min) to a magnetic property of the
material (Br). By combining (6.7) with (6.8) and rearranging it into the form of a quadratic
equation
(K− 1)r2 + (2Kδ+ 2Ksn)r+ (K‖s‖2 + Kδ2 + 2Kδsn) = 0 (6.10)
r required at some surface point s can be solved for using the quadratic formula. The
standard quadratic formula yields two solutions, and the solutions are not guaranteed to
be real. Fortunately, we can constrain some of the parameters, based on our application, to
yield a valid solution to (6.10) (i.e., r ∈ R+): K > 0, ‖s‖ > 0, and δ ≥ 0.
We ignore all surface points with surface normals directed back toward the cochlea by
selecting only the surface points in which s · nˆ ≥ 0 (i.e., sn ≥ 0). This typically eliminates
some of the points on the ear or nose as shown in Figure 6.3.
Finally, by further restricting 0 < K < 1, the solution to (6.10) always yields r ∈ R+




K(K(s2n − ‖s‖2) + ‖s‖2 + δ2 + 2δsn)
(1− K) (6.11)
The constraint on K implies that the required magnetic field strength at the cochlea must
not be more than 13 the residual flux density of the magnet.
3 ‖B‖min < Br (6.12)






, (6.12) represents a conservative estimate of the field that can be generated by a
spherical magnet in an arbitrary direction pˆ.
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6.4 Segmentation of CT Scans
Using (6.11) to compute the magnet size required at a given location relative to the
patient’s head requires a set of surface points and their associated surface normals. To
our knowledge, a representative head-surface model of sufficient fidelity has not been
published in which the location of the cochlea is also identified. In practice, patient-specific
head surfaces can be obtained, and the location of the cochlea and orientation of the
modiolus can be identified, from segmented CT slices. This yields a three-dimensional
map of surface points and their surface normals for our analysis. Results can then be
considered statistically across the population.
CT scans of anonymous patients were obtained from the University of Utah (Table
6.1). Standard CT temporal-bone imaging procedures were used in each case. In addition,
two sets of cadaver scans were obtained from the National Library of Medicine’s Visible
Human Project [13]. In all the sets, the pixel resolution is less than 1 mm. The slice
resolution varied significantly from set to set.
Standard MATLAB (Natick, MA) commands, identified in italics in this section, are
used to generate the three-dimensional patient-specific surfaces. The CT data are available
as DICOM binary data and packaged as 12-bit grayscale image intensity values and a
header with meta-data regarding the CT scan and the imaging protocol used. The images
and headers are extracted using dicomread and dicominfo, respectively. The meta-data is
needed to convert from image frame to the CT frame. We use the standard right-anterior-
superior (RAS) convention in which +x is directed to the patient’s right side, +y is directed
anteriorly, and +z is directed superiorly.
Grayscale images are converted to black-and-white using im2bw where the thresh-
old to determine if the pixel should be considered black or white is set automatically
by graythresh. Each slice of each set is segmented to extract the boundary of the skull
using bwboundaries, which automatically outlines the boundaries of the main features in
the image. There are usually multiple boundaries detected, and the one that clearly is
associated with the skull is chosen. In cases where the scene is too cluttered to conve-
niently use bwboundaries, we use bwtraceboundaries and select the pixel where the trace
should be started. We show an example of the boundaries in Figure 6.4-A. The grayscale
image is depicted with the automatically generated boundaries overlayed on the image
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in red. Though not shown, the area enclosed by the boundaries would be white in the
black-and-white equivalents.
This boundary is used to build a slice-specific image mask to remove all features out-
side this mask; this is generated using poly2mask (Figure 6.4-B). The mask is a logical array
where all locations inside the mask are set to true and all locations outside the mask are
set to false. This mask can be visualized by mapping false and true to black and white,
respectively. To remove the background, all pixels of the grayscale image that are outside
this mask will have their intensity values set to zero. This yields an image of just the head
without any of the background.
Next, this image mask is eroded (i.e., made smaller) using imerode for the purpose
of handling internal features of the head, such as the nasal cavity (Figure 6.4-C). This is
necessary because these features could be interpreted as part of the head surface (by the
function isosurface described later). To handle this, we set all the intensity values for all the
pixels inside this eroded mask to the maximum intensity value of the image slice.
The result is an image where the background is removed and the interior features are
washed out, with a thin border of grayscale pixels at the head surface (Figure 6.4-D).
The resulting segmented images are then stacked to create a three-dimensional array of
intensity values per pixel and slice. This is illustrated in Figure 6.4-E (but only showing
every tenth slice).
This array of intensity values can also be regarded as a scalar function of three pa-
rameters I = f (x, y, z) where x and y are the pixel coordinates, z is the slice coordinate,
and I is the scalar intensity value at those coordinates. As a result, this function can be
interpolated to find the coordinate (x, y, z) where the intensity map transitions away from
the background intensity. Interpolation then yields the approximate coordinates of the
head surface. To accomplish this, a homogenous transform is used to convert the pixel and
slice coordinates from the image frame to the global CT frame. Then, the scalar function
is filtered using smooth3 to generate smoother surface normals. Next, isosurface is used to
interpolate for the coordinates at the desired intensity value. We chose an intensity value
of 5 as representative of the transition from the background to the head surface (the images
are provided as 12-bit unsigned integers where 0 is mapped to black and 4095 is mapped to
white). The surface normals corresponding to the surface points interpolated by isosurface
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are finally generated by isonormals. The combination of surface points and surface normals
define the final head surface, as illustrated in Figure 6.4-F.
Finally, the cochlea and the modiolar axis are located for both sides of each patient
(Figure 6.5). In one study [14], the average angle between the modiolar axis and the
transverse plane of the skull was determined to be nearly zero (1.8◦ ± 3◦, n=10). So, for
simplicity, we will assume that the modiolar axis lies on the slice plane where the cochlea
is located.
An alternative method for computing surface normals (using surfnorm on the bound-
aries produced by bwboundaries and bwtraceboundaries) was found to be more noisy. Con-
sequently, the method described above was chosen. However, the possibility of noisy
surface normals motivated an alternative, surface-normal independent, method to verify
the results computed by (6.11). This is described in Section 6.5.1.3.
6.5 Optimal Configuration
6.5.1 Methods
6.5.1.1 Using Surface Normals
For each surface point obtained from the segmentation, and that satisfy s · nˆ ≥ 0, the
MDS radius r is computed by (6.11). To ensure that this MDS does not collide with any
point on the head surface, the corresponding p is computed using (6.6), assuming δ = 0.
If p + s ≥ r is true over the entire set of all surface points s, no collision occurs, and
this configuration is valid. The valid surface point that yields the smallest r is considered
optimal. The corresponding p determines its optimal placement relative to the cochlea.
6.5.1.2 On the Modiolus
For comparison, we also determine the smallest MDS allowable if it is constrained to
be on the modiolar axis, as in our prior work. Points are sampled on the modiolar axis at
increments of 0.1 mm and represent the set of hypothetical locations for the MDS. At each
sampled point, the smallest MDS (of radius r with δ = 0) needed to generate the required
magnetic field is computed using (6.5) where ‖p‖ is simply the distance from the sampled
point to the cochlea. The last step is to perform collision detection at each sampled point
to determine if the MDS will collide with any of the surface points on the head. If there are
no collisions, then the sampled point is valid. The same condition is applied for collision
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detection as in Section 6.5.1.1. The valid point yielding the smallest radius is the smallest
MDS allowable for the modiolar configuration.
6.5.1.3 Using Brute Force
To verify the results computed by (6.11), an alternative method that is independent
of surface normals is also conducted. The method is identical to that described in Sec-
tion 6.5.1.2, except that the entire space exterior to the head is uniformly sampled at the
resolution of the patient-specific CT scan. Thus for each sampled point, there will be an
associated radius r that represents the smallest MDS required to generate ‖B‖min at the
cochlea if the MDS were centered at that sampled point. The optimal configuration using
this method is the sampled point that yields the smallest r without any collisions.
6.5.2 Results
6.5.2.1 Using Surface Normals
We present in Table 6.2 compiled results over the entire dataset of patients. The optimal
location is identified by the distance ‖p‖ and the direction from the cochlea to the MDS
center. The direction can be expressed compactly by the unit vector −pˆ. Recall that pˆ is
the unit vector in the opposite direction, i.e., from the MDS center to the cochlea. r and rm
are the computed radii at the optimal and modiolar configurations, respectively. Since the
optimal MDS location is associated with a surface point, this is also provided as a distance
(‖s‖) and direction (sˆ) from the cochlea in Table 6.3. The angle between this surface point
and its surface normal (θ) is also listed. All unit vectors assume the RAS convention. At
the bottom of both tables are some basic statistics for the entire set.
Across all the patients analyzed, there is a 30 mm range in the distances from the
cochlea to the MDS center. This is the most variable of the parameters listed. The optimal
MDS placement is mostly lateral-to and slightly anterior-to the cochlea. This is a fortuitous
result because the typical approach to the cochlea requires an incision behind the ear [15],
making it impractical to position the MDS behind the ear. Our results indicate that the
optimal configuration will not interfere with the surgical insertion. There does not seem
to be a clear trend for the z-coordinate of the MDS as there seems to be a balance in the
instances where the MDS should be placed superior to or inferior to the cochlea. The
direction to the optimal surface point tends to be more anterior than the direction to the
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MDS center.
6.5.2.2 On the Modiolus
By moving the MDS away from the modiolar configuration, its size can be significantly
reduced. For example, in the specific case of P28, as shown in Figure 6.6, the radius is
reduced by 50%, resulting in an 8-fold decrease in the volume. If averaged over the whole
set (Table 6.2), the radius is reduced by approximately 43%, yielding an approximate 5-fold
decrease in the volume of the magnetic sphere. Also, the range and standard deviation
in radius values are cut approximately in half in the optimal configuration. There is
variability in the side-to-side optimal results within each individual, but in the aggregate,
the left and right values were very similar.
6.5.2.3 Using Brute Force
A table of results, similar to Table 6.2, is provided in Table 6.4. With the exception of
a few cases, the brute-force search method yielded slightly smaller radii values than the
surface-normals method. On the aggregate, however, the surface-normals method yields
an average radius of only about 1 mm larger, making it slightly conservative and thus
better for our purpose. The main drawback to the brute-force method is that computation
times are considerably longer because it typically yields approximately 1000 times more
points to examine than the surface-normals method.
6.6 Magnetic Force
In all prior work, the MDS used to generate the magnetic field at the cochlea was
assumed to be in the modiolar configuration. One benefit of this configuration is that
the magnetic force that could potentially attract the EAT into the basilar membrane was
negligible and could be disregarded during the insertion [8]. However, at the optimal
configuration, this assumption should be verified since avoiding trauma to the basilar
membrane is widely considered vital for hearing preservation [4]. The threshold for punc-
turing the basilar membrane has been measured to be approximately 42 mN [16]. We
compute the worst case and assume that the entire force vector is directed into the basilar
membrane. While this is not accurate, it does present a conservative upper bound.
The magnetic force applied to the tip is given by
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where B is computed by (6.3) and m is the dipole moment of the EAT. For a given ‖p‖, the
largest magnitude and spatial derivative of the field vector occurs along the dipole axis of
M (i.e., where M and p are parallel). The maximum possible force magnitude at a given
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As a nominal value for ‖m‖, we will use the magnets embedded in the EAT in our
prior work [6, 7], which has been determined to be 4.73 × 10−5 A·m2. This represents
the combined magnetic dipole for two 0.41-mm-long by 0.25-mm-diameter cylindrical
magnets made of grade N52 NdFeB.
At the optimal position, for all cases examined, the maximum magnetic force possi-
ble never exceeded 0.31 mN, with an average and standard deviation of 0.267 mN and
0.019 mN, respectively. For comparison, we also compute the maximum magnetic force
possible if the MDS were positioned at the modiolar configuration for each patient and
found that the average and standard deviation is 0.150 mN and 0.012 mN, respectively.
Note that by moving the MDS from the modiolar configuration to the optimal configura-
tion, the maximum possible magnetic force averaged over the set is increased by nearly
80%. In context, however, the force is still over 100 times smaller than what is needed to
puncture the basilar membrane. Therefore, it seems reasonable to state that any additional
magnetic force that may pull the EAT into the basilar membrane arising from the MDS
being moved to the optimal configuration does not truly pose any appreciable risk to the
basilar membrane.
6.7 Sensitivity Analysis
Achieving the optimal configuration requires perfect registration of the MDS with re-
spect to the cochlea. A sensitivity analysis to registration, magnetic material properties,
and any clearance requirements between the MDS and the patient would be useful. This
is motivated by the reality that these factors may reduce the magnetic field generated at
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the cochlea and thereby limit the amount of insertion-force reduction that can be achieved
with magnetically guided insertions.
For each parameter of interest, using (6.11), r can be solved for over the possible range
of the parameter while fixing the remainder of the inputs to their nominal values. With this
in mind, we first list the nominal values used by the search method, followed by the range
of expected values for the parameters, and conclude with plots that show the sensitivity of
r to the input parameters within the range defined.
The nominal value for Br is 1.465 T, which corresponds to a NdFeB magnet of grade
N52. For commercially available magnets from K&J Magnetics (Pipersville, PA), the range
of Br for grades N35–N52 is 1.19–1.465 T.
We chose to use a nominal value of 100 mT for the required magnetic field strength
‖B‖min. For the range of ‖B‖min, we will explore 80–120 mT.
The nominal value for the gap (δ) was set to 0 mm and describes the situation where the
spherical magnet just touches the head. However, the spherical magnet itself will likely be
contained in a housing. An existing MDS in our lab, using a 50-mm-diameter N42 NdFeB
sphere, has been designed with a 7- mm-thick housing [10]. So if this MDS were to be used,
then δ = 7 mm assuming the housing of the MDS touches the head. We will use a range of
values from 0–25 mm for δ to conduct the sensitivity analysis.
For parameters ‖s‖ and θ, there are no initial nominal values as they are the results of
the optimization search. As an alternative, we will consider the optimal surface point as
the nominal value of each patient for the purpose of this analysis. ‖s‖ and θ for each patient
and side are listed in Table 6.2. To determine the range of ‖s‖ and θ, we examine the region
around the optimal surface point for each patient. We use a 10 mm radius sphere and find
all the surface points that are within the boundaries of this sphere (Figure 6.7). All surface
points are then aggregated over the entire dataset and yield a histogram that identifies
the range of possible values for ‖s‖ and θ and where those values are concentrated most
(Figure 6.8). We find that both parameters tend to be normally distributed around the
averaged optimal surface point. The range of ‖s‖ is between 35–65 mm based on the
10 mm registration sphere as described earlier. Then for each patient, all the surface points
within this uncertainty sphere are used to compute r using (6.11), and to be conservative,
we take the largest radius for each patient (rmax) to compute statistics. We find that across
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all patients, 59.1 ≤ rmax ≤ 79.1 mm with an average and standard deviation of 70.8 mm
and 4.57 mm, respectively. Note that this does not take into consideration collision checks.
It is likely that the lower bound on ‖s‖ is not realizable because that would typically
imply moving the MDS closer to the ear, which would have resulted in a collision and
be regarded as invalid. A case can be made, therefore, that it would be more practical to
limit the range of ‖s‖ to values that exceed the distance to the optimal surface point. In the
sensitivity analysis, including this lower bound requires little additional effort, and so it is
provided for completeness.
Sensitivity results are grouped into two categories. The first category represents the
effect from the magnetic field desired and the magnetic property of the MDS, as expressed
by the nondimensional parameter K. In Figure 6.9-left, we display K over the range of ‖B‖
outlined earlier (i.e., 80–120 mT) and the range of magnetic grades commercially available.
This range of K is then used to compute the values of r in Figure 6.9-right. This is computed
for each patient and each side separately and plotted together on a single graph. We
assume the nominal value of δ, ‖s‖, and θ for these results.
The second category represents the effect from increasing the clearance between the
magnet and the surface of the patient. In Figure 6.10, r is computed as a function of δ over
the range defined earlier (i.e., 0–25 mm). This is also computed for each patient and each
side separately and plotted together on a single graph. We assume the nominal value of K,
‖s‖, and θ for these results.
6.8 Oversized MDS
We now consider the design of a one-size-fits-all MDS for magnetically guided in-
sertions. In order to generate the necessary magnetic field across as many patients as
needed, the MDS will need to be oversized for the vast majority of patients. To gain some
insight into this, we choose a 75 mm radius MDS. This is only about 1.5 mm larger than the
maximum value for r listed in Table 6.2.
All the valid locations generated by the brute-force method for each patient and each
side are identified for the oversized MDS. Recall that valid locations are those in which
two constraints must be satisfied. First, the MDS centered at this location must be able to
generate the required magnetic field at the cochlea. Second, the MDS must not collide with
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any part of the patient’s head at this location. An example using P28 is provided in Figure
6.11 where every point represents a valid location of the 75 mm oversized MDS. All points
that are posterior to the cochlea are shown in red; all points anterior to the cochlea are
shown in black. Since the optimal radius for P28 is approximately 59 mm, an MDS whose
radius is 75 mm represents a 28% increase in the radius over what is needed. This yields
many valid points at which the MDS can be located. In practice, it is best to ignore all the
locations that are posterior to the cochlea because the insertion is conducted behind the
ear, and placing an MDS anywhere behind the ear is impractical. Further, potential points
superior and inferior to the top-most and bottom-most CT slice are ignored since there is
not surface data available for collision detection.
Let us define the point cloud that contains all the valid points that are also anterior
to the cochlea. We can compute the centroid of this point cloud, v, by averaging these
valid points; the results are presented in Table 6.5. Attempting to place the MDS at the
centroid will yield a location that is robust (i.e., insensitive) to registration and other errors.
In general, the shape of the point cloud also suggests more robustness along the y- and
z-directions as compared to the x-direction. In principle, this should not be a problem
because the initial alignment of the MDS requires the edge of the MDS to contact the
surface of the head. This physical constraint will help enforce the tighter tolerance needed
in the x-direction.
6.9 Discussion
In this chapter, we have rigorously described the process by which anyone could de-
termine, on their own, the minimum MDS size and its location for a given patient, and
for a given EAT magnet strength and required torque.. For a device maker interested in
building an MDS to meet the general population, it might be worthwhile to obtain a larger
number of head surfaces to supplement the dataset examined here. For this purpose, our
dataset of rendered surface points and surface normals can be available upon request by
contacting the corresponding author. While we envision a one-size-fits-all MDS as more
practical to a patient-specific MDS, our description of a 75 mm MDS in Section 6.8 should
not be construed as a recommendation. First, the dimension was arbitrarily chosen to
slightly exceed the maximum r in Table 6.2. It may be more desirable to specify a size from
86
an average and standard deviation based on a larger population. Second, the results in
Section 6.8 assumed no clearance between the head surface and the magnet (i.e., δ = 0)
and assumed the nominal value of K. In practice, the available magnetic grade (see Figure
6.9) and the designed housing thickness (see Figure 6.10) might drastically impact the size
of the MDS. In addition, we have determined in our prior work [6, 7] that the required
magnetic field can vary substantially based on electrode-array models. Therefore, it may
even be necessary to have electrode-array-specific MDS models as well. Even the progress
toward thinner and more flexible electrode arrays may yield a smaller MDS in the future.
Finally, a specific surface-registration tolerance might be preferred by the clinicians. This
would require a distribution similar to Figure 6.8 to be performed, and the MDS size
would change accordingly. Under these various circumstances, the device maker can
either conduct a full optimal configuration analysis (Section 6.5) or use the sensitivity
curves in Section 6.7 for their MDS design.
The magnetic guidance strategy works best if both the lumen and modiolar axis are
determined for each patient. Fortunately, it is standard practice to include a CT-based
radiological assessment as just one part of the complete preoperative medical assessment
for cochlear implant candidacy. There is very little reason for not planning patient-specific
magnetically guided insertions given the ease in which cochlea segmentation can be done
[17]. Further, since software can be implemented to generate a patient-specific head surface
(as described in Section 6.4), the method outlined in Section 6.8 can be used to determine
a patient-specific centroid location for a one-size-fits-all MDS that is most robust to reg-
istration error. Although our work describes this centroid with respect to the cochlea, it
can be expressed relative to markers on the patient itself (such as bone anchors [18]). In
such a scenario, an image tracker could register the MDS to the centroid location with high
accuracy [19].
This procedure can be adjusted if this level of complexity is unwanted. For example, if
neither the centroid nor markers on the patient is available, then the MDS can be registered
to the patient-specific optimal surface point instead. This point is typically anterior to the
ear and between the top and bottom of the ear (see examples in Figure 6.7 and Figure 6.12).
A further simplification would be to use to averaged optimal surface point given in Table
6.2. In this scenario, we will simply choose a point on the head surface anterior to the ear,
87
halfway between the top and bottom of the ear, and as close to the ear canal as possible
without collision. This is less robust but it should be adequate because this takes advantage
of the large tolerance along the y- and z-directions for placing an oversized MDS (Figure
6.11).
In traditional ear surgery, a large retractor is used to reflect the ear forward so that
the surgeon can look inside the area with a microscope. It is possible that this could
interfere with the MDS placement. However, since the MDS is intended to be used with
an automated electrode-insertion tool, the retractor could be removed since visualizing the
facial recess is unnecessary to accomplish automated electrode insertions.
Standard temporal-bone CT protocols start the scan below the mastoid process and end
just above the petrous ridge [20]. This effectively yields data sufficient only to render the
middle portion of the head, typically including the eyes and nose. With the exception of
P28, all CT scans of the patients were done this way. Only the cadaver scans (C1 and C2)
included the section below the nose to the shoulder. Fortunately, the optimal magnet size
and location likely would not change with more slices. The smallest possible magnet will
be located where the distance is shortest to the cochlea, barring collision with the head. In
Figure 6.12, we show contour maps of distances from the cochlea to the surface points. In
addition, the point where the optimal MDS touches the surface is indicated by a large blue
dot.
6.10 Conclusion
A method has been presented to determine the patient-specific configuration (size and
location) of a spherical-permanent-magnet dipole-field source, using standard CT tempo-
ral bone scans, for magnetically guided cochlear-implant electrode-array insertions. To
generate 100 mT at the cochlea, the optimal configuration of the dipole-field source should
be lateral-to and slightly anterior-to the cochlea with an approximate radius (mean and
standard deviation across patients) of 64 mm and 4.5 mm, respectively. When compared
to the configuration assumed in prior work, the optimal location yields a 43% reduction
in the dipole-field source’s radius and a nearly 5-fold reduction in its volume. Although
potential magnetic forces that may direct the tip into the basilar membrane are increased
by nearly 80% at the optimal configuration compared to the modiolar configuration, they
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are still two orders of magnitude below the threshold needed to puncture the membrane.
Sensitivity curves were generated for the minimum radius at the optimal configuration
and demonstrate that the optimization is most sensitive to the magnetic field requirement.
A one-size-fits-all configuration with a dipole-field source of approximately 75 mm will
yield a solution that is robust to registration error.
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Figure 6.1. Left: Magnetic bending torque (τ) applied to the EAT during insertion is ac-
complished by a magnetic-field vector (B) leading the dipole moment (m) by 90◦. RWM =
Round Window Membrane. Image generated using software provided by Eaton-Peabody
Laboratory (Boston, MA). Center: Close-up view of the EAT with its magnet, and the
desired bending torque (τ) relative to the basilar membrane. Right: Three hypothetical
configurations are presented in which the MDS approaches the patient’s head along sam-
ple trajectories (red straight arrows) while rotating (red curved arrows) about a fixed axis








Figure 6.2. Vectors defining an arbitrary surface point (s) and its unit surface normal (nˆ)
with respect to the cochlea. p is the vector from the center of the spherical magnet, which
is touching the head at s, to the cochlea. θ is the angle between s and nˆ.
Figure 6.3. Surface rendering of a patient, with red points indicating where s · nˆ < 0 are




Figure 6.4. Illustration of the main segmentation steps.
A B
Figure 6.5. The cochlea location and the modiolar axis are identified for the right (A) and
left side (B) of each patient.
Figure 6.6. The size of the MDS is drastically reduced by moving it away from the modiolar
axis to the optimal configuration. Black lines are drawn from the cochlea to the MDS center.
Arrows indicate the surface normal at the optimal surface point (blue dot).
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Figure 6.7. All surface points (in green) within 10 mm from the optimal surface point (in
blue) for P28.






















Figure 6.8. Surface points within 10 mm from the optimal surface point of each individ-
ual patient are aggregated into histograms and normalized to approximate a probability
density function wherein the total bar area is ≤ 1. A normal distribution is fitted to the set
with its mean µ and standard deviation σ given above the histograms. The blue vertical




























Figure 6.9. Left: Expected range of K given the expectation of ‖B‖ and commercially
available Br. The blue vertical line is the nominal value for ‖B‖. Right: r as a function of K
for all patients analyzed (C1 and C2 results are shown in red). The blue vertical line is the
nominal value for K.
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Figure 6.10. r as a function of δ for all patients analyzed (C1 and C2 results are shown in
red).
Figure 6.11. All valid locations to place an MDS that has been oversized to 75 mm radius.
For P28, this represents a 28% increase in the radius over what is actually needed. Black
points are anterior to the cochlea. Red points are posterior to the cochlea. The black circles
inside the head (left) locate the cochlea
P25 Left Side P25 Right Side















Figure 6.12. Contour map of ‖s‖ for P25 and C1. Blue dot indicates where the optimal
MDS touches the surface of the head.
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Table 6.1. Summary of database used to generate patient-specific head surfaces. P1–P28
are scans of anonymous patients provided by the University of Utah (UU). C1–C2 are scans
of cadavers obtained from the National Library of Medicine (NLM).
ID Gender Age Source Resolution (mm) Total
(M/F) (yrs) Pixel Slice Slices
P1 F 62 UU 0.41 0.6 89
P2 F 52 UU 0.41 2 39
P3 F 33 UU 0.41 2 37
P4 F 60 UU 0.41 2 37
P5 M 26 UU 0.44 5 16
P6 F 42 UU 0.41 2 30
P7 F 85 UU 0.41 4 16
P8 F 21 UU 0.39 5 15
P9 F 32 UU 0.41 5 15
P10 F 65 UU 0.47 0.6 115
P11 F 39 UU 0.49 3 23
P12 M 48 UU 0.44 2 39
P13 F 51 UU 0.43 1 68
P14 M 64 UU 0.46 5 17
P15 F 47 UU 0.34 2 25
P16 M 79 UU 0.59 2 36
P17 F 48 UU 0.43 2 33
P18 F 52 UU 0.33 0.7 82
P19 F 29 UU 0.57 2 32
P20 F 39 UU 0.41 2 31
P21 F 37 UU 0.59 2 36
P22 F 36 UU 0.38 5 12
P23 F 60 UU 0.41 0.6 98
P24 M 36 UU 0.46 2 31
P25 F 67 UU 0.39 1 78
P26 M 83 UU 0.41 1 47
P27 F 44 UU 0.32 2 31
P28 M 8 UU 0.45 1 161
C1 M – NLM 0.79 1.45 183
C2 F – NLM 0.54 1 249
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Table 6.2. Optimal configuration of the MDS as defined by its radius (r) and location
relative to the cochlea (p). Vectors are expressed in the RAS convention where +x is
directed to the person’s right side, +y is directed anteriorly, and +z is directed superiorly.
The MDS radius at the modiolar configuration (rm) is provided for comparison. Units
are in {mm} except for the unitless direction vector −pˆ = − [ pˆx pˆy pˆz]T from the cochlea
toward the MDS center.
Left Side Right Side
ID ‖p‖ –[pˆx pˆy pˆz]T r rm ‖p‖ –[pˆx pˆy pˆz]T r rm
P1 101 [-0.95 0.31 -0.10] 59.6 109 106 [0.92 0.31 -0.22] 62.4 102
P2 117 [-0.91 0.38 -0.15] 69.1 94.1 114 [0.94 0.30 0.15] 67.1 113
P3 113 [-0.99 0.13 -0.06] 66.8 127 104 [0.99 0.13 -0.07] 61.2 119
P4 106 [-0.95 0.30 0.06] 62.7 97.6 107 [0.97 0.22 -0.08] 62.8 105
P5 121 [-1.00 0.09 -0.02] 71.3 125 111 [0.98 0.16 0.12] 65.1 105
P6 106 [-0.93 0.35 -0.12] 62.2 131 108 [0.93 0.34 -0.13] 63.5 105
P7 113 [-0.97 0.22 0.11] 66.7 114 114 [0.99 0.14 0.10] 67.4 103
P8 108 [-0.94 0.28 -0.21] 63.9 115 105 [0.94 0.32 -0.10] 61.9 115
P9 106 [-0.97 0.21 -0.12] 62.4 103 100 [0.96 0.23 -0.15] 59.0 117
P10 105 [-0.93 0.36 0.11] 61.6 118 112 [0.88 0.47 0.03] 66.2 121
P11 114 [-0.97 0.19 0.13] 67.1 113 115 [0.98 0.12 0.15] 67.5 116
P12 119 [-0.93 0.31 0.21] 69.9 107 121 [0.98 0.19 -0.09] 71.4 107
P13 117 [-0.95 0.31 -0.07] 69.1 109 111 [0.96 0.25 -0.13] 65.3 114
P14 122 [-0.91 0.41 0.05] 71.7 109 118 [0.92 0.34 -0.17] 69.4 113
P15 102 [-0.98 0.18 -0.08] 60.4 98.0 93.3 [1.00 0.04 -0.08] 55.0 99.1
P16 106 [-0.92 0.40 -0.06] 62.2 132 109 [0.91 0.40 -0.10] 64.3 117
P17 102 [-0.94 0.24 -0.25] 60.3 110 99.3 [0.95 0.26 -0.19] 58.5 100
P18 102 [-0.96 0.26 -0.06] 60.3 114 102 [0.97 0.24 -0.10] 60.0 116
P19 118 [-0.97 0.17 0.15] 69.6 109 123 [0.97 0.19 0.16] 72.7 118
P20 110 [-0.94 0.28 -0.21] 64.5 105 112 [0.94 0.28 -0.19] 66.1 121
P21 95.1 [-0.95 0.24 -0.18] 56.1 97.3 101 [0.95 0.30 0.01] 59.8 105
P22 107 [-0.96 0.24 -0.15] 63.0 113 110 [0.90 0.42 -0.09] 64.8 115
P23 108 [-0.98 0.16 -0.11] 63.6 115 111 [0.98 0.20 0.00] 65.4 117
P24 100 [-0.96 0.29 -0.02] 59.1 112 100 [0.95 0.32 -0.02] 59.2 121
P25 99.0 [-0.91 0.41 0.04] 58.4 96.5 98.6 [0.96 0.27 -0.01] 58.1 110
P26 103 [-0.98 0.11 -0.15] 60.8 128 102 [0.97 0.23 0.02] 60.2 131
P27 105 [-0.95 0.32 0.04] 61.6 106 105 [0.94 0.33 0.00] 61.9 113
P28 98.9 [-0.96 0.21 -0.17] 58.3 115 100 [0.97 0.15 -0.17] 58.9 124
C1 125 [-0.97 0.21 0.08] 73.5 114 115 [0.97 0.19 0.12] 67.6 114
C2 122 [-0.98 0.21 0.02] 72.0 114 120 [0.98 0.17 -0.11] 71.0 109
Min 95.1 56.1 94.1 93.3 55.0 99.1
Max 125 73.5 132 123 72.7 131
Range 29.6 17.4 37.6 30.0 17.7 31.9
Avg 109 [-0.96 0.26 -0.04] 64.3 112 108 [0.97 0.25 -0.04] 63.8 113
Std 8.05 [0.13 0.59 0.79] 4.75 10.0 7.45 [0.20 0.66 0.73] 4.39 7.58
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Table 6.3. The optimal surface point associated with the optimal MDS configuration of
Table 6.2 is defined by s. Vectors are expressed in the RAS convention where +x is directed
to the person’s right side, +y is directed anteriorly, and +z is directed superiorly. Units are
in {mm} except for θ in degrees and the unitless direction vector sˆ = [sˆx sˆy sˆz]T from the
cochlea toward the optimal surface point.
Left Side Right Side
ID ‖s‖ [sx sy sz]T θ ‖s‖ [sx sy sz]T θ
P1 46.5 [-0.78 0.59 -0.22] 35.7 52.3 [0.70 0.68 -0.23] 45.5
P2 50.2 [-0.80 0.56 -0.21] 21.7 51.1 [0.80 0.58 0.18] 31.7
P3 49.4 [-0.93 0.25 -0.28] 25.8 48.3 [0.89 0.46 0.05] 37.5
P4 47.6 [-0.82 0.56 0.13] 30.8 47.9 [0.86 0.51 -0.08] 31.8
P5 52.1 [-0.95 0.22 -0.21] 23.4 49.6 [0.89 0.14 0.42] 31.6
P6 48.9 [-0.74 0.65 -0.16] 36.7 49.4 [0.75 0.61 -0.24] 35.1
P7 47.7 [-0.94 0.34 -0.02] 17.2 48.8 [0.98 0.19 -0.10] 20.5
P8 52.4 [-0.72 0.58 -0.38] 42.8 51.0 [0.73 0.66 -0.20] 43.3
P9 47.9 [-0.85 0.39 -0.36] 33.0 44.5 [0.84 0.46 -0.28] 29.8
P10 47.9 [-0.75 0.65 0.13] 35.1 53.0 [0.65 0.76 0.10] 39.3
P11 52.1 [-0.84 0.46 0.29] 34.7 49.7 [0.90 0.23 0.36] 24.7
P12 56.4 [-0.73 0.45 0.52] 40.7 53.3 [0.89 0.31 -0.32] 27.8
P13 52.5 [-0.81 0.56 -0.17] 31.3 47.7 [0.89 0.32 -0.34] 22.7
P14 54.9 [-0.73 0.68 0.09] 32.3 50.9 [0.84 0.37 -0.39] 23.8
P15 44.6 [-0.90 0.34 -0.27] 25.5 39.4 [0.96 0.17 -0.20] 17.5
P16 48.3 [-0.73 0.68 -0.06] 34.8 47.9 [0.77 0.61 -0.19] 27.3
P17 47.3 [-0.76 0.49 -0.42] 36.5 45.9 [0.77 0.53 -0.35] 36.4
P18 46.8 [-0.82 0.57 -0.11] 34.8 47.4 [0.81 0.55 -0.19] 37.6
P19 51.7 [-0.92 0.39 0.01] 26.5 53.5 [0.88 0.42 0.22] 24.9
P20 51.2 [-0.77 0.61 -0.17] 37.9 52.7 [0.77 0.61 -0.18] 38.9
P21 45.3 [-0.79 0.60 -0.16] 40.6 47.5 [0.78 0.63 0.03] 38.2
P22 44.9 [-0.91 0.28 -0.30] 16.3 51.1 [0.69 0.71 -0.12] 37.2
P23 46.2 [-0.93 0.19 -0.32] 21.6 50.0 [0.87 0.48 -0.10] 32.1
P24 45.3 [-0.81 0.58 -0.04] 32.5 45.3 [0.80 0.59 0.04] 32.3
P25 45.9 [-0.71 0.70 0.09] 36.7 41.6 [0.95 0.24 -0.18] 16.9
P26 43.2 [-0.94 0.20 -0.27] 15.1 44.2 [0.89 0.43 0.13] 24.3
P27 45.7 [-0.88 0.43 -0.19] 26.3 48.6 [0.77 0.64 -0.04] 36.5
P28 42.1 [-0.90 0.40 -0.19] 20.0 44.5 [0.88 0.43 -0.20] 29.9
C1 57.4 [-0.84 0.51 0.21] 35.8 51.4 [0.86 0.44 0.25] 31.3
C2 51.3 [-0.93 0.37 0.04] 15.8 51.6 [0.92 0.25 -0.31] 22.0
Min 42.1 15.1 39.4 16.9
Max 57.4 42.8 53.5 45.5
Range 15.3 27.6 14.2 28.6
Avg 48.8 [-0.86 0.50 -0.10] 29.9 48.7 [0.87 0.49 -0.08] 30.9
Std 3.78 [0.29 0.54 0.79] 8.07 3.49 [0.28 0.59 0.76] 7.41
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Table 6.4. Optimal configuration of MDS as defined by its radius (r) and its location
relative to the cochlea (p), using the brute-force method. Vectors are expressed in the
RAS convention where +x is directed to the person’s right side, +y is directed anteriorly,
and +z is directed superiorly. Units are in {mm} except for the unitless direction vector
−pˆ = − [ pˆx pˆy pˆz]T from the cochlea toward the MDS center.
Left Right
ID ‖p‖ –[pˆx pˆy pˆz]T r ‖p‖ –[pˆx pˆy pˆz]T r
P1 100 [-0.96 0.28 -0.08] 58.8 100 [0.95 0.28 -0.13] 59.1
P2 112 [-0.95 0.32 0.00] 65.8 114 [0.94 0.30 0.14] 67.1
P3 112 [-0.99 0.12 -0.04] 66.1 103 [0.99 0.12 -0.09] 60.8
P4 105 [-0.96 0.28 0.04] 62.1 106 [0.98 0.20 -0.09] 62.7
P5 120 [-0.99 0.11 0.04] 70.9 109 [0.99 0.13 0.09] 64.3
P6 103 [-0.94 0.29 -0.17] 60.9 105 [0.96 0.23 -0.17] 61.6
P7 113 [-0.98 0.17 0.14] 66.4 112 [0.97 0.14 0.18] 66.1
P8 105 [-0.93 0.16 -0.33] 62.1 104 [0.93 0.17 -0.34] 61.5
P9 105 [-0.98 0.18 -0.12] 62.0 100 [0.96 0.22 -0.17] 59.0
P10 104 [-0.94 0.34 0.08] 61.4 100 [0.95 0.29 0.06] 58.8
P11 113 [-0.98 0.15 0.11] 66.8 113 [0.99 0.07 0.08] 66.7
P12 111 [-0.96 0.26 0.07] 65.6 114 [0.96 0.26 0.07] 67.1
P13 117 [-0.96 0.27 -0.11] 68.8 109 [0.96 0.26 -0.09] 64.5
P14 117 [-0.94 0.31 -0.13] 69.0 117 [0.93 0.34 -0.13] 68.9
P15 102 [-0.98 0.05 -0.18] 60.4 93.1 [1.00 0.08 -0.02] 54.9
P16 104 [-0.93 0.37 -0.06] 61.1 110 [0.92 0.38 -0.10] 64.6
P17 101 [-0.95 0.21 -0.22] 59.4 97.4 [0.96 0.21 -0.21] 57.4
P18 101 [-0.96 0.23 -0.13] 59.7 101 [0.97 0.19 -0.16] 59.5
P19 118 [-0.99 0.14 0.08] 69.8 123 [0.98 0.18 0.13] 72.2
P20 109 [-0.94 0.26 -0.20] 64.0 110 [0.96 0.24 -0.15] 64.8
P21 94.9 [-0.96 0.22 -0.19] 55.9 97.2 [0.95 0.21 -0.23] 57.3
P22 105 [-0.95 0.32 0.01] 62.1 102 [0.94 0.31 -0.12] 60.2
P23 103 [-0.99 0.14 -0.01] 61.0 108 [0.99 0.14 -0.03] 63.9
P24 100 [-0.96 0.28 -0.02] 59.1 101 [0.95 0.31 -0.04] 59.3
P25 94.4 [-0.94 0.35 -0.03] 55.7 97.5 [0.95 0.31 0.02] 57.5
P26 102 [-0.98 0.18 -0.07] 60.4 101 [0.98 0.21 0.01] 59.6
P27 104 [-0.95 0.30 0.06] 61.0 101 [0.96 0.28 0.08] 59.4
P28 97.9 [-0.97 0.16 -0.16] 57.7 99.2 [0.98 0.13 -0.16] 58.5
C1 123 [-0.98 0.20 0.03] 72.7 114 [0.99 0.15 0.07] 67.5
C2 122 [-0.98 0.18 -0.02] 71.9 119 [0.99 0.10 -0.11] 70.2
Min 94.4 55.7 93.1 54.9
Max 123 72.7 123 72.2
Rng 28.9 17.1 29.4 17.4
Avg 107 [-0.97 0.23 -0.05] 63.3 106 [0.98 0.21 -0.05] 62.5
Std 7.89 [0.15 0.58 0.80] 4.65 7.40 [0.13 0.52 0.84] 4.36
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Table 6.5. Placement, relative to the cochlea, of an MDS oversized to 75 mm radius. Vectors
are expressed in the RAS convention. The values represent the centroid of all the valid
points anterior to the cochlea where the oversized MDS can be placed without collision and






ID ‖v‖ [vx vy vz]T ‖v‖ [vx vy vz]T
P1 122 [-0.95 0.32 -0.03] 122 [0.96 0.29 -0.04]
P2 124 [-0.94 0.33 -0.01] 124 [0.95 0.29 0.08]
P3 125 [-0.99 0.16 -0.03] 123 [0.98 0.17 -0.08]
P4 123 [-0.96 0.29 0.01] 123 [0.97 0.24 -0.06]
P5 126 [-0.99 0.12 0.04] 124 [0.98 0.20 0.05]
P6 122 [-0.94 0.31 -0.11] 122 [0.95 0.30 -0.08]
P7 124 [-0.98 0.20 0.03] 124 [0.98 0.20 0.05]
P8 122 [-0.97 0.24 -0.08] 121 [0.97 0.23 -0.05]
P9 122 [-0.98 0.21 -0.03] 121 [0.97 0.24 -0.05]
P10 122 [-0.92 0.39 0.01] 121 [0.95 0.32 0.02]
P11 125 [-0.98 0.15 0.09] 125 [0.99 0.13 0.11]
P12 124 [-0.96 0.26 0.04] 125 [0.97 0.24 0.03]
P13 125 [-0.96 0.27 -0.09] 123 [0.95 0.31 -0.09]
P14 125 [-0.94 0.34 -0.08] 125 [0.93 0.36 -0.10]
P15 122 [-0.97 0.21 -0.08] 120 [0.97 0.22 -0.07]
P16 123 [-0.92 0.39 -0.03] 124 [0.91 0.40 -0.10]
P17 122 [-0.96 0.26 -0.10] 121 [0.96 0.28 -0.08]
P18 121 [-0.97 0.23 -0.06] 121 [0.98 0.20 -0.07]
P19 125 [-0.98 0.16 0.11] 126 [0.98 0.17 0.11]
P20 124 [-0.95 0.28 -0.13] 124 [0.96 0.24 -0.13]
P21 121 [-0.97 0.25 -0.02] 121 [0.96 0.28 -0.01]
P22 122 [-0.95 0.30 -0.05] 122 [0.95 0.32 -0.05]
P23 123 [-0.97 0.23 -0.05] 124 [0.98 0.20 -0.04]
P24 121 [-0.95 0.31 -0.03] 121 [0.94 0.33 -0.04]
P25 120 [-0.93 0.35 -0.04] 121 [0.95 0.31 -0.02]
P26 122 [-0.98 0.20 -0.05] 121 [0.97 0.23 -0.02]
P27 122 [-0.96 0.27 -0.01] 121 [0.96 0.27 0.00]
P28 120 [-0.97 0.24 -0.07] 121 [0.98 0.20 -0.10]
C1 127 [-0.98 0.17 0.04] 125 [0.98 0.15 0.11]




Avg 123 [-0.96 0.26 -0.03] 123 [0.97 0.25 -0.03]
Std 1.74 [0.21 0.74 0.64] 1.68 [0.21 0.64 0.74]
CHAPTER 7
RECOMMENDATIONS FOR FUTURE WORK
This chapter summarizes possible research directions based on the results of this dis-
sertation. All topics presented remain within the theme of magnetics applied to cochlear
implantation.
7.1 Customized Electrode Arrays
With the exception of the 3-to-1 scale dummy electrode used in our initial proof-of-
concept experiments [1], the electrodes used in these studies were existing lateral-wall-
type clinical versions that have been slightly modified at the tip. The electrode is placed in
a mold with the magnet near the tip and silicone rubber is used to encapsulate the magnet
to the electrode tip. The fabrication process is repeatable and can be performed on any
lateral-wall-type electrode. This approach is desirable in that it provides a clear path to
adoption.
However, electrodes specifically designed for magnetic guidance may yield better re-
sults. For example, current electrodes have a tapered thickness wherein the tip is thinner
than the base. This is intended to prevent buckling of the electrode. It is possible that
buckling occurs primarily when the tip of the electrode “digs” into the lateral wall and
prevents the electrode from further sliding. The surgeon, not detecting this, continues
to insert the electrode, which initiates the buckling action. By providing a thicker base,
the electrode tip has a better chance to progress through this “sticky” section before the
remainder of the electrode buckles. In our method, since the tip is always directed away
from the lateral wall, it may allow thinner electrodes to be inserted, perhaps even enabling
smaller, more minimally invasive cochleostomies.
In addition, the tapered thickness yields an electrode that is more flexible at the tip than
at the base. The application of magnetic bending torque to the tip does not yield an equally
distributed curling action on the electrode body. It is clear from the results in Sections 4.4
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and 5.4 that the majority of the curling action is localized near the tip. Although it makes
bending the tip away from the lateral wall easier to accomplish, curling the entire electrode
body is more difficult to achieve. Based on first principles, it seems reasonable to expect
greater reduction of insertion forces if the bending torque can be more distributed across
the entire length, and thus reduce more of the total pressure distributed over the lateral
wall. This would require the electrode to be redesigned to have a more uniform stiffness
throughout the entire length of the body.
Since the electrode is steered at the distal tip, this may finally allow the use of ultra-
flexible electrodes. This is similar in concept to steerable, highly flexible catheters pi-
oneered by Stereotaxis (St. Louis, MO) for surgical applications. Their units generate
desired magnetic field vectors to which the distal magnetic catheter tip will align itself.
By changing the direction of the field vector, the tip can be directed in any orientation
needed, and by implementing this approach with highly flexible catheters, their surgical
tools can be navigated through very tight corners.
For these reasons, it seems worthwhile to examine the optimal electrode stiffness that
will maximize the benefit of using magnetic guidance. To determine an optimal uniform
stiffness, the electrode could be modeled as a beam where the angular deflection at the
tip is a function of the bending torque applied to the tip and the angular spring constant
of the beam. A path planning approach can be used to map the configuration space of
the electrode (i.e., bending torque, angular spring constant, and insertion depth) to the
tip position inside the scala-tympani channel. Collision detection would then determine
if the specific configuration results in the tip touching the cochlear wall. There may be
a range of angular spring constants, for a range of input torques, that yield no collisions
throughout the insertion. Further, an optimization search could be used to determine the
optimal angular spring constant based on certain metrics such as lowest input torque or
largest gap between the tip and the cochlear walls.
A similar approach can also be conducted to determine the optimal graded stiffness
along the length of the electrode body. The electrode can be modeled as a planar manip-
ulator with n links rather than a beam of uniform stiffness. The configuration space will
increase from 3 parameters to 2 + n parameters. Although a large n would, in principle,
yield better resolution, collaboration with a device maker is suggested since there are
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limitations to what can be achieved. This process could yield the ideal stiffness in each
of the linkages (i.e., electrode sections) to best navigate through the lumen based on a
single bending torque applied to the tip.
7.2 Complete Insertions
As indicated earlier in Section 7.1, it is possible that the resistance is due to the tip “dig-
ging” into the lateral wall. Although buckling may occur if the insertion is not stopped,
a far worse outcome is that the tip may fracture the spiral ligament since this organ lies
on the lateral wall of the cochlea [2]. Therefore, a recommended protocol is to halt the
electrode insertion at the first sign of resistance [3]. Adherence to this protocol, however,
may yield incomplete insertions of the electrode, rendering some of the contacts useless.
Occurences of complete insertions might increase in practice by directing the tip away
from the lateral wall, which our strategy can achieve.
To test this hypothesis, the insertion-force threshold in which surgeons will likely halt
manual electrode insertions should be determined. This can be conducted with either
cadaver cochleae or a scala-tympani proxy mounted to a force sensor. Since the patient’s
scala-tympani channel is not visible to the surgeon during the insertions, the proxy should
not be transparent so as not to provide visualization of the electrode inside the channel.
Force measurements would be recorded during the manual insertion. If the insertion is
halted prematurely, the maximum force measured would be considered the force threshold
that would halt the insertion. The insertion depth would be determined by the number
of electrodes that were actually inserted into the cadaver cochleae or the nontranspar-
ent proxy. The results can be aggregated over the sampled population to determine the
average threshold that would halt the manual insertion and the average insertion depth
actually achieved with this manual protocol. Then for comparison, magnetically guided
insertions can be conducted to obtain the insertion forces per insertion depth. It is con-
ceivable that the threshold is never exceeded using magnetic guidance. It is also possible
that the use of magnetic guidance will yield an insertion-force profile where the threshold
is exceeded but at a deeper insertion point compared to manual insertions. If either case
is true, the strategies outlined in this dissertation would yield more consistently complete
insertions than the current manual-insertion protocol.
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7.3 Dynamic Magnetic Guidance
The entirety of this disseration has assumed knowledge of the cochlea lumen in ad-
vance. In the clinic, this can be implemented through segmentation of the cochlea prior to
surgery [4]. The complexity of guided insertions would decrease significantly if insertions
could be accomplished completely blind (i.e., without any prior knowledge of the lumen).
One method is to continually rotate the field vector on the basal plane so that the tip
wiggles during insertion. It is likely that the behavior of the electrode tip, and perhaps
the electrode body, will be dependent on the frequency of the rotating magnetic field
vector. By exploiting the natural resonance of the electrode, it may be possible to generate
substantial dynamic wiggling with much smaller magnets at the electrode tip or with a
smaller magnetic dipole-field source. However, because the scala-tympani is filled with
fluid, this type of behavior may create significant churn in the fluid, and to our knowledge,
there are no existing studies that determine physiological effects from agitating this fluid.
It is unlikely that there will be a large difference in insertion forces because the electrode
body is not being curled away from the lateral wall. Therefore, the decrease in the pressure
distributed across the lateral wall will not be as pronounced as in the method described in
this dissertation that causes a bulk deformation of the electrode. Still, this technique may
induce enough wiggling to prevent the tip from “digging” into the lateral wall. It may
also reduce the accumulated friction between the electrode body and the cochlear walls to
enable a smoother insertion, eliminating large spikes in the insertion force.
It may be more convenient to use an electromagnetic field source to implement this
strategy, especially if the vibration, by exploiting the electrode’s natural resonance, enables
the use of much smaller magnetic fields. Further, the optimal vibration frequency may be
insertion-depth dependent, and the frequency of the rotating field can be more conve-
niently generated by an electromagnetic-field source rather than a permanent magnet that
must be rotated using a mechanical actuator, especially if higher frequencies are needed.
A further benefit is that the electromagnetic-field source could be switched off, making it
safer to store or transport in the clinic.
If it is determined from experiments using dynamic magnetic guidance that there is
actually one optimal vibration frequency throughout the entirety of the insertion, then the
implementation of this strategy in the clinic can be simplified even further. The same effect
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may be achieved by designing a vibrating element, tuned for the optimal frequency, into
the insertion tool that grips the proximal end of the electrode, provided the vibration is
sufficiently coupled into the electrode body. That is, vibration at the proximal end should
propagate to the distal end of the electrode and cause a random motion of the tip that
might prevent it from “digging” into the lateral wall.
7.4 Force-controlled Insertions
Since perforation of the basilar membrane is a strong predictor for permanent loss of
residual hearing [5], implementing automated force-control strategies may be the key to
eliminating this type of trauma. In recent work [6], researchers have successfully imple-
mented a force sensor at the tip of a prototype electrode and have verified its effectiveness
in guinea pig cochlea in vivo. It is unclear, however, if these sensors are magnetically
insensitive or can be packaged alongside the necessary magnet at the electrode tip.
In the meantime, a force sensor can be placed at the proximal end of the electrode and
used as sensor feedback for force-controlled insertion strategies. The challenge of using
a force sensor at the proximal end is that any attractive force applied by the magnetic
dipole-field source on the electrode tip, pulling it into the basilar membrane, is not fully
detected at the proximal end because the basilar membrane provides an opposing force
unless it punctures. Thus, a force sensor at the proximal end will underestimate forces in
the direction of the basilar membrane. Since the largest possible attractive magnetic force
into the basilar membrane, determined in Chapter 6, was two orders of magnitude less
than the puncture threshold of the basilar membrane, this undetectable force component
is likely to be a very small percentage of the total insertion forces measured.
Very little research has been done to correlate possible real-time force signatures with
the type of contact made between the electrode and the cochlea, particularly signatures
that would predict basilar membrane puncture [7] or tip-foldover [8]. Since not all contact
between the electrode and the cochlear walls are equally detrimental, simply using the
total insertion force measured as a metric for force-controlled insertions may not yield
the best results. Force data could be collected where specific types of electrode-to-cochlea
contact are made with susbsequent analysis to identify, if any, specific force signatures. If
this can be discovered, then unique force-control algorithms could be developed to deal
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with specific trauma probabilities as they are encountered in vivo.
7.5 Passive Protection of the Basilar Membrane
The magnetic field is generated at the cochlea such that its field vector lies on the basal
plane of the cochlea and orthogonal to the cochlear axis. From first principles, if the tip
is deflected away from the plane in which the magnetic field vector exists, there will be
a magnetic torque that will attempt to bring the tip back onto this plane. Therefore, any
tip deflection toward the basilar membrane (and away from the cochlea’s basal plane) will
be met with a passive magnetic spring that attempts to pull the tip away from the basilar
membrane and back onto the basal plane.
If this hypothesis can be demonstrated, this would represent a major advantage of
using magnetic guidance since there are no existing strategies that can provide this type
of passive protection of the basilar membrane. So to test this hypothesis, a scala-tympani
phantom equipped with a sensor that measures forces orthogonal to the basal plane could
be used. The phantoms described in Chapter 3 would need to be redesigned as an open-
channel version with only one full spiral revolution. Then at the open side of the channel, a
force sensor could be placed to act as a kind of roof to the open channel. Any force directed
into the roof would represent a force into the basilar membrane.
Nonguided insertions would first be conducted to determine the amount of force into
the basilar membrane as a baseline for typical insertions. Then magnetically guided inser-
tions would be conducted to determine if there is any change in the insertion force directed
into the basilar membrane.
7.6 Applications for Perimodiolar Placement
In this dissertation, all electrodes used were of the lateral-wall-type version, which
have been designed to rest on the cochlea’s lateral wall after the insertion. The other type
of electrodes used in the clinic, known as perimodiolar electrodes, are designed to rest on
the medial wall of the cochlea due to their preformed curvature. Prior to insertion, they
are initially straightened with a stylet, and the electrode-stylet combination is inserted
together. Then the electrode, as it is advanced off the stylet, regains its precurved shape,
allowing it rest on the cochlea’s medial wall, close to the modiolus. A problem is that
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the stylet, which is inserted along with the electrode, increases the overall thickness of the
electrode while reducing its flexibility. This is known to be problematic for round-window
insertions [9–11]. Since the primary purpose of the stylet is to straighten out the electrode
prior to insertion, the use of magnetic guidance can potentially replace the stylet if the
bending torque is able to uncurl the perimodiolar electrode during the initial part of the
insertion. This would facilitate the development of thinner perimodiolar electrodes to be
feasibly used.
Another strategy to achieve a final position that is closer to the modiolus, without
using perimodiolar electrodes, would be to embed a Nitinol wire through the center of
a lateral-wall-type electrode [12]. By shape-setting the Nitinol to the shape of the cochlear
spiral, the electrode could be curled toward the medial wall after the insertion is com-
pleted. This is typically done by applying heat to the Nitinol and would require thermal
analysis to verify safety inside the cochlea. A second challenge is that if the electrode is
misaligned, the Nitinol may curl the tip into the basilar membrane rather than curl toward
the medial wall as intended. A third challenge is that the use of Nitinol will likely increase
the electrode stiffness, making it less safe than the lateral-wall-type electrodes currently
used in the clinic. This added hazard could be overcome by using magnetic guidance
to curl the electrode away from the lateral wall and preventing the stiffer electrode from
directly impinging on the lateral wall. To compensate for the additional electrode stiffness,
a larger magnetic dipole-field source might be needed to accomplish this.
7.7 Real-time Sensing
One of the challenges in cochlear implantation is determining the opening through
which the electrode is inserted. It can be difficult to visualize the round-window mem-
brane [13] or determine the correct cochleostomy location [14]. The use of embedded
sensors in surgical tools to provide localization within an augmented reality paradigm is
becoming more available for real-time navigation of surgical devices. For example, Scopis
Medical (Berlin, Germany) now has a suite of surgical tools where a magnetic sensor
enables the location of the tool to be tracked. The sensor uses an electromagnetic-field
source that can be mounted on an arm or placed underneath a head rest. This information
is integrated into their software as a rendered virtual tool within a rendered model of the
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anatomy.
This concept can be adapted to address some of the challenges in cochlear implanta-
tion. First, a rendering of the patient’s anatomy, such as the cochlea, could be generated
through segmentation of the patient’s CT or MRI scans. This becomes the patient-specific
environment in which the tool is visualized. Prior to drilling the cochleostomy or making
the round-window incision, a flexible instrument equipped with a magnetic sensor can be
placed near the area and visualized within the virtual environment for confirmation.
Similarly, a magnetic sensor can be placed at the tip of the electrode for real-time
visualization inside a virtualization of the patient’s cochlea. If the localization algorithm
can provide full six degrees-of-freedom, the following benefits are possible. First, the
surgeon can better visualize where the stylet should be stabilized inside the cochlea prior
to advancing the electrode off of it. Second, the angular rotation about the electrode’s
long axis (i.e., the body roll angle) would enable the surgeon to know if a precurved
electrode is misaligned. If this is the case, then the electrode should be rotated so that
the precurved shape is aligned properly prior to being advanced off the stylet. This body
roll angle would also be useful for lateral-wall-type electrodes with single-sided contacts.
If the contacts are not directed toward the modiolus, then the electrode should be rotated
so that this is achieved. Third, an augmented environment can be used by the surgeon
to confirm intuitions about the electrode insertion itself. For example, if the surgeon feels
larger-than-normal resistance, the visualization may provide additional information to aid
in decision making regarding the electrode insertion.
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CHAPTER 8
CONCLUSIONS
A strategy to wirelessly guide the tip of a cochlear-implant electrode array using mag-
netic manipulation has been presented. We started with initial 3-to-1 proof-of-concept ex-
periments to demonstrate the feasibility of this approach. Next, clinical, lateral-wall-type
electrode arrays were slightly modified at the tip to include a tiny magnet. A scala-tympani
phantom was designed with both simulated cochleostomy and round-window openings
to mimic both classes of insertions typically conducted. In particular, it is the first phantom
to model a round-window opening and can be used reliably to simulate insertion forces in
cadaver cochleae.
Magnetically guided insertions through these phantoms demonstrated statistically sig-
nificant (p < 0.05) reduction in insertion forces, by as much as 50% for some electrode-
array models. In particular, guiding the electrode-array tip through the cochlear hook
and the basal turn, in the same insertion, was demonstrated for the first time using this
technology. Current technology can only steer the electrode array through the basal turn.
Finally, analysis was conducted to determine the optimal size and placement of a mag-
netic dipole-field source for use in the clinic. Its placement was determined to be con-
sistently lateral to and anterior to the patient’s cochlea. Its size depended on numer-
ous factors including the patient, torque requirements, and registration error; sensitivity
curves were provided to summarize these factors. By moving the magnetic dipole-field
source from the modiolar configuration originally proposed to the optimal configuration,
the magnetic volume can be reduced by a factor of 5 on average. At the optimal con-
figuration, it was verified that magnetic forces do not pose any appreciable risk to the
basilar membrane. Although patient-specific optimal configurations were characterized, a
one-size-fits-all version was described that may be more practical and carried the benefit
of substantial robustness to registration error.
